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14. Abstract

T A

The Discrete Address Beaceon System (DARBS)Y has heen designed 10 be an evolutionary replacement of the present
third generatior. Air Traffic Control Radar Beacon System (ATCRBS).  Although the ATCRBS3 rcturns processed by
DABS will be idendcal o those currently being employed, the DABS processing system will not merely mimic the
present system. Instead, it has been designed to surpass currcmt performance leveis even while reducing the num-
per of interrogations iransmitted per scan, This will be made possible by utilizing thc availability of several new
ieatuses 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 sernsor has been designed to be a complete, sclf-contained package that performs
all ATCRBS functions required for aircraft 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. Idendfying all false elarm target reports due to reflections, coincident fruit, splitting,
6X ringaround
4, Initiating and maintalnung a track on ali aircraii iu the wovured alrspacc
The tirst function has been implemented in hardware while the remaining ones are performed in software. This re-
port will discuss in detail only the software subsystems.

The ATCRES system described in this report has been fmplemented in the ATCRES Moropulse Processing System
(AMPS) built at Lincoln Laberatoxy. Although the AMPS desiyn is based upon the specifications contaired in the DABS
Engineering Requiremente {ER), there are two major differences between AMPS cnd the ER system. Fivst, the
design described here 15 for a standalone A'TCRBS system; no capabilitics arc built in 1o seri, receive, or employ
informaton from other sensors, and no formal interfaces to other ATC funcdons arc defined!, Second, tus system
was not intended tw be a production prototype, so ne rellabilivy features have been includec.
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The Discrete Address Beacon System (DABS) has beea designed to be an
evolutionary replacement of the present third generation Air Traffic Control
Radar Beacon System (ATCRBS). Altuouph the ATCRBS returas processed by DABS
will be identical to thuse currently being employed, thc DABS processing
system will not merely mimic the present system, Instead, it has been designed
to surpass current performance levels even while reducing tihe 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 nermit both more
accurate azimuth estimation with fewer replies per scar and improved decoding
performance when garble is present.

The ATCRBS portion of the DABS‘Q\nsor has been dzeigned to be a complete,
self-contained package that performs all ATCRBS functions required for alrcraft
survelllance. The major tasks it implements are:

1. Deteruiniug the range, azimuth, and code ol each received ATCRBS
YeDLy

2. Groupring replies from the same air¢reit fnro target reports and
discarding fruit replies

cres due to reflections,

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

The first functlon 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 Labeoratory.
Although the AMPS design is based upon the specifications contained in the
DABS Engineering Requirements (ER), there are two major differences between
AMPS and the ER system. First, the design described here is for a standalone
ATCRBS gystem; no capabilities are built in to send, recelve, or employ
informatjon from other sznsors, and no formal interfaces to other ATC functions
are defined. Second, this system was not intended to be a production prototype,
80 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 Alr Traffic Control
Radar Beacon System (ATCRBS). The introduction of DABS sensors will proceed
graduaily over a number of years. The required changeover from ATCRBS to
DABS transponders will occur long after the first DALS sensors are operational.
Rather than incur the expense of requiring dual ATCRBS and DABT sensors at
every DABS site, the DABS sensor has been designed to perform gll necessary
surveillance functions on both DABS and ATCRBS equipped aircraft.

Although the ATCRBS returns processed by DABS will be idencical to those
currently being employed, the DPABS 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 Tdentifying false alarm target reports which occur freom reflections,
coincident fruit, splitting, or ringaround
4. Initjating and maintaining a track on all aircraft in the covered

alrspace

The first function has beeun 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 portiom 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 ringarourd reports can be suppressed
5. False target reports due to reflection can be identified and marked

The correlating track number for every target report is contained within the
TEeport.

An overview c¢f all the functions perforued 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 gulde 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 z standalone
ATCRBS system; no capabilities are built in to send, receive, or employ
information from other sensors, and no formal interfaces to cother ATC functions
are defined. Second, this system was not intended to he a production proto-
type, so no reliability features have been included. Third, the confidence
bit designations employed here are the exact opposites of tne ER definitions.

MThidn <o - e
This is an historical y;ublCm that would be doifficult to rectif}' i[‘.tt?,"[‘“11",

but which is tiivial to overcome at the interfices by simple bit inversion.
Finally, many of the surveilllance processing algorithms differ in minor
respects from the ER rules. These reflect the increased knowledge that has
been obtalned 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 algoritlims 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 cod:
with each report, however, the presence of mode 2 is transparent to surveil-
lance processing. In particular, nc 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 1s affected by the presence or absence of a mode
2 code.




Antenna }ATC‘65§]—]IW

Video

' Receiver

A;Tbigital Pulse Stream

Reply Processor

Replies

Reply Correlation and Fruit Rejected
——eeee i rC
Target Declaration

Raw Targeis

Tatget to ?rack Unccrrelated Reports
Correlation

|

Correlated Reports

v ]

False Alarm Reports

Data Editing fe————3p Rejected

&Valid Reports

\ A —v

l¥Track Update

Track Initiation

I Polished Reports

Qutput
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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, ail fields have
been designed to satisfy 16 bit boundaries, and thus o 16 bit computer could
use the same structures directly {(just by storing each 32 bit word in two 16
bit words). 1In fact, the ATCRBS implementation presented in this report has
been programmed on both a 32-bit and a 16-bit computer.

3 The remainder of this report 1s structured as follows. Chapter 2 describes
i 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-~

E tion of the software functions that are described in detail in the remaincer

2 of the paper, both to set them in perspective and to serve as a summary for

3 readers not interested in the implementation aspects of the algorithms.

E 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 palrs. The
automatic ‘i1dtiation of tracks on new alrcraft is described in Chapter 8,

L while the updating of these tracks rfrom scan to scan is covered by Chapter 9.
: Chapter 1C then describes how varilous classes of false alarm target reports

3 (reflections, coincident fruit, splits, or ringaround) are identified and

3 processed., Finally, Chapter 1i discusses the use of primary radar reports in
the ATCRBS syscem, both for reinfercing teacon reports and for providing
surveillance for non-eqnipped ailrcraft,

Bk o s




2,0 REPLY PROCESSING o

An ATCRBS reply, as illustrated in Figure 2-1, consists of between two
and fifteen pulses. The function of the hardware reply processor is to
identify all ATCRBS replies by searching the received pulse train for framing
pulse rairs and then to decide which (if any) of the code pulses exist for
2ach veply. 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 criterja:

1. At least one ¢f 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 repliies, wihich
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 overiap properly, a
pulse of the first reply can be separated from one of the second by the 20.3
microsecend interval that characterizes framing pulses, thereby creating an
intermediate 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 C, and SPL positicns;
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 1s located in the SPl position

of the real aircraft reply.

Clearly, two real replies from two different aircraft could produce
elther situation, so automatic elimination of either type of special reply is
not permitted. Rather, azimuth correlation of the pulse in the SPI position
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Fl’ F2 are framing pulses (always present), 20.3 usec apart.
Each pulse is nominally 0.5 usec wide.
Interpulse spacing is 1.45 usec.

X position is normally wunused,

SPI pulse, used for signalling, i1s 3 positions beyond FZ'

Figure 2-1: An ATCRBS Reply
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Figute 2-2: Creation of a Phantwum Reply
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with the other pulse (C, for C,~SPI phantom, Fl of first reply for military
ID} is required. If colrelation fails, the candidate reply 1s accepted, while
if correlation gucceeds, the reply will be discarded. The logic of these
situations interacts with that of the normal ohantom situation in such a
manner that C_-SPI phantoms must be eliminated immediately by the hardware,
put military €chos must only be marked by the hardware and later eliminated in
software. That is, keeping C,-SPI replies could result in the elimination of
real replies as phantoms, whi%e eliminating military echoes could result in
phantoms being called real replies. Figure 2-4 clarifies this issue.

2.2 Replyv Decoding and Confidence Bits

Once a reply hag been detected, the reply processing hardware must
determine, for each of the twelve code positions, wheiher or not a pulse
exists in that position, and if so, whether or not it belonge 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 commom 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 flags was developed. For each cede bit decisien, a corre-
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 15 set ('l'). 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 O is declared whenever no pulse 1f detected in the
code pdsition

Hl: g high confidence 1 is declared whenever a mainbean pulse is detected
in the code position that correlates in azimuth witk the reply
reference azimuth and fails to correlate with the reference of every
other garbling reply (if any)

L0: a low confidence O is declared whenever either (a) a sidelobe pulse
is detected in the code position, or (b) a mainbeam pulse 1is
detected th: t fails to correlate in azimuth with the reply reference
but succeeds in correlating with the reply reference of a garbling
reply
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L1: a low confidence 1 is declared whenever a mainbeam pulse exists in
the code position that either (a) fails to correlate in azimuth with
the reply reference and with the references of all other garbling
replies (If any), or (b) corizlates successfully with both the reply
reference and the reference of one or more garbling replies

An example ol 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
Fl1 framing pulse of the reply. However, if this pulse is located in a garble
region, the r~zimuth of the F2 pulse is utilized. The reply reference azimuth
is updated cach 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 boresisht and a
special marking is set.

2.3 Reply Processor Qutpurs

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 the reply processor, the following set
of informatisn is provided:

1. Rerly range

2. Reply boresight azimuth

3. Final reply monopulse reference
4. Re~ly code

5. Reply code confidence

6. Special implementation dependent reply at<tributes

*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 vhose 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.
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The range is given in time
the Fl pulse, and hence it
reply boresight azimuth is
received. After the reply
azimuth of the reply, by a

counts from sweep interrogation until reception of
mus be converted to miles at some later time. The
the antenna azimuth at the time the reply was
correlation software determines the off-boresight
table lookup whose index is the final monopulse

reference value, the twe azimuth values are summed to produce the actual reply
azimuth. The code and code confidence bits are ordered as follows:

AQAZAIBABZB1CACZC1DAD2D1F1F2XSPI
where the Fl 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.
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15 16 31

Range Code
Boresight ]
Azimuth 00 Confidence
0 3|4 10p 11112 15f16 19] 20 23124 31
Not Not Final
Mode Used (1) {Decodef Used (2) Monopulse
) Reference
0 sle 7] 8 1516 1920 31
Special Number Total
Not Used (3) Monopulse of Monopulse
Check Pulses Accumulation
!
X Notes:
Range: least significant bit = 60.4 nsec
i A ., C,C 1 F2 sP
Code AAZAIB&BZB1C4C2C1DAD2D1 Fi F2 X sPI
Azimuth: least significant bit = .022°
Confidence: same order as code, '0" = high confidence

N » U T .
+ FIONLPULDY 'L

(1)
(2)

3

Test Bit

N>2 bit - number of confirming monopulse samples
Reference - Fl or F2

Sidelobe status of reference

SP1 presence

Overload bit
Sweep header bit

[ ATC-65(2-6) |

Figure 2-6: Reply Processor Input Block
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3.0 THE ATCRBS SOFTIWARE SUBSYSTEM

The ATCRBS software subsystem conslsts of two separable components:
reply correlation and survelllance processing. The first program, which is
executed once per sweep, attempts to group replies from the same aircraft
ianto raw target reports and to reject fruilt replies. These target reports
are then processed oice 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 threcugh a one-
way transfer of targei 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
3-1b 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
curreni ATCRBS system and the one proposed as part of DABS. This fact becomes

mAmn Ammand Jao ad L% = . 1.
VIIC LUwlioAuCL S Llie LU.LJ.UWLIIE" Ltdb e .

Attribute ARTS DABS
typical runlength 16 4
garble bits 1 12
azimuth beamsplit monopulse

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

Since ARTS reports contaln only one garble bit (indicating clear or
garbled code) and have an azimuth declared through beamspiitting, it is not
surprising that the report quality is oftea 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, straongly indicates the added features are
worth their cost.
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3.1 Output Reports M

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 DAES
sensor (and in the AHPS implementation of it), two types of reports exist:
raw and polished. Raw reports are those declared through replv 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 bean processed through several software improvement algorithms
that make use »f 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. 1In normal circumstances, only repcrts of the
former type are output to the ATC users.

DABLS reports are output to other DABS sensors, to the Intermittent
Positive Control (IPC) function, and to various ATC users. AMPS reports,
however, are only output to one ATC function at any time. The format of
these reports Is dependent upon which user (ARTS, MNAS, ete.) 1is active. To
indicate the ensemble of information available to any user, Figure 3-2 presents
the final intcrnal format for a report readv to be output., The special
purpose bits, as indicated, are used for output screeaning, 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 finformation to make its decision, the report may be delayed in the
system. The maximum number of sectore that a report may be so held before
being ocutput 1s 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 legitimste 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 news reply is correlated with the first group
found for which the following four conditions are satisfied:

18
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Ranye Az imuth
- Mode A Code Mode A Confidence
Altitude
Altitude Unused Altitude Confidence Type
) (4)
it A #tC
Spuecial Bits Keplies Replies Correlating
€)) (3 Track No.
2 Time in
Mode 2 Code Replies Mode 2 Confidence System
(4) (4)

(4) means 4 bits in the field

special Bits:

RKeference Sceotion

Test Target

Fdited Out Target

False Target

Boresight Target

Radar Reinforced

Code In Transition
Fotential BJwap Target
Swap Performed
Reconstructed Target
Discretely Correlated
Velocity Reasunablencss Used
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Deviation Score Used
Tarn Detected

Code Improved
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8.2
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4.6
6.4
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Figere 3-2: Final Target Report Format




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

than Ap
max
2. The difference between the monopulse azimuth estimates is no
greater than A0 (if either the reply or the group contains only

X : . .
an uncorrected ggresxght estimate, 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 veply 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.

Afrer 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. Asg part of thic conversion, the mode C code is tranclated

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 medes 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 explaiued below, are intended for
use in code swapping to correct reply correlation errors.

3.3 Discrete Code Correlation

The ATCRBS system employs two types of identity codes, discrete and non-
discrete. Discrete codes are assigned uniquely to aircraft within a single
control area, while non-discrete codes can be used by all aircraf~ 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
corrvelate non-discrete targets and tracks,

All ATCRBS track data, for both discrete and non-discrete tracss, are
physically located in the same track file. However, a sep.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 follewing conditions are met:

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

2. The target and track assoclate in range, azimuth, and altitude
Only target reports that possess no low confidence code bilts 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 tawget reports, or discrete
reports not successfully correlating as above, is vo determiue all possible
pailrs of target and track associations. From tl:.: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 corcelation 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 alrcraft flying straight, turning, and
maneuvering in an unusual manner respectively.

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

situatrtions in which only one mode agroacment ocxists are nrocessged by tha code
SLLUATICNS In Walla &ndy ond MoGl agrétment CXISBTS8 are precessts oy Tag Loge

gwapping algorithm, which identifles and corrects cases of improper mode
pairing by the reply processor.

Two target reports swap their mode A codes .henever a situation satisfying
all of the following criteria is identified:

1. The reports are within the reply correlatiun range and azimuth
wlndows of each other

2. No nearby track possesses the mode A and C palrings resident in
elther report

3. There exists a track that possessgs the mode A code of one report
and the mode C code uf the other repcit
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The reply correlation error that produced these lmproper mode pairings conuld
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. 1In the
first instance, code swapping will produce two proper reports, while in

cither of the latter two cases code swapping will replace the erruneous 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 l1-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 both modes in agreement, is
accepted. I1f no code swanping 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 wade. This test rejects all assoclations in which it is physically impos-
sible for the aircraft under track to be located at the target report positisn.

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 1is, that they correspond to real aircraft and not gystem errors). 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

6:  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 welghting
and summing these individual scores. The lower the resulting score, the
better the association,

The Deviation Score for an assoclation 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
utilizacicn results in a tie between two association pairs.

The correlaticu 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 targe: report in a subsequent
sector. When the decision to pcstpone is made, the track and all of its
associating reports are carried over into the next sector for reprocessing.

If the association box of the track includes sectors prior to the one in
which its prediction liesz, asseciation will bezgin prior to that sector. The
track will nct be permitted to correlate, though, before targets from its
predicted sector have bhecn received, as that Is where the correct target is
most likely to ocuur. Once the targets from the predicted sector have been
received, vor.;celacion for the track will be attempted, I1If a correlating
target is ideuwrified, the correlation will be accepted provided at least one
of the following three conditions is met:

1. The Quality Scere is lower (i.e. better) than a specified value
2. The target is nc. permitted to be delayed any lounger in the system
3. The track has aiready received all possible assoclating 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 assoclating target report for a
track depends upon the complexity of the assoclative system linkages. If oae
track and one report assoclate only with each other, that report is selected.
If several reports associste only with one track, the report with the lowest
Quality Score is selected. 1In case of a tie, the Deviation Scores are employe
as tiebreakers. An analogous dual rule is used when several tracks assoclate
only with one report. Finally, when a many-track-many-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 soluticon of the assignment problem,
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Assume a report can be delayed at most 2 sectors

Correlation 1: accepted, as report cannot be held any longer
Correlation 2: accepted if score is good enough, else delayed

Correlation 3: delayed automatically, as track is predicted
into a subsequent sector

Figure 3-4: Correlation Timing Rules.




3.6 Track Initiation .

A new ATCRBS track is initiated whenever uncorrelated target reports are
found on two successive 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 sufflcientf& near each other that a real aircrait 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 conaltions, a new track
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 entetred
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
normal aud excepticnal aireraft respectively. If the search based ou an
uncorrelated target on the present scan locates one or more satistactory
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 ne 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 correlatées 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 initilated
during the current sector are automatically predicted ahead.

Tracks that possesy correlating target reports, including newly initjated
tracks (whose correlating report is the one that led tc its formation), go
through a two-step range and azimuth updating procedure. First, the current




predicted position and velocity are adjusted to reflect the location of the
correlating target report. For a general a, B 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, 6 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, 6 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 couversion 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
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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 procedure,

is somewhat differemnt. First, if the track has failed tc correlate for a
specified number of consecutive scans, it is dropped. An excention 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, nc 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 iuncreasing 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 veal aircraft position., Several inherent properties of the
ATCRBS system will produce various types of false alarm target reports. To
the extent possible, the surveilllance 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
eliminaticn cof the reports, (2) marking the reporte and not allowing them to
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 alrcraft position behind the reflector. Depending upon the size
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 ¥

to y_ of the surface, and orientation angle ¢ are assumed to be specified
parameters. Any target report not correlated to a real track whose azimuth
falls within the extent of the reflector is checked to determine whether it
is false. First the range p~ and azimuth €° 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 1s formed by fruit replies that coincidentally correlate
with each other, the repoct will virtually always consist of 1 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 veport 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 ftruit target report will nmot correspond to
any real aircraft.

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

Ringaround target reports occur when sidelobe interrogstions 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 additiou, monopulse system failuresg 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 dlscrete code, and are close
together in range and uzimuth, 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 alrcraftc,
could conceivably pass this test when two real aircraft existed. Thus, the
test cannot be applled to thew.

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 ron~-ATCRBS equiped aircraft. The first function will always be employed
in the system, while the sccond is an option.

The various manners in which radar reports interact with the surveilleance

processing functions described in this chapter are summarized by the following
sequence of events:
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1. 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 rvadar reports with coasting
beacon tracks; those successfully 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; thosc 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 solely 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 centerced at the beacon
report position associate with that report. The closest such radar report
(if any exist) wil] then be chosen to reinforce the heacon 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 conde
or altitude information exists. Should a radar report be chosen, it is used
tc update the beacon track position in exactly the same manner as if it were
a beacon report.

Finally, leftover radar reports are used tc 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 corresponding beacon procedurcs. The
rationale for employing parallel rules for all the radar and beacon processes
is that the same program subroutines can be cmployed for both, thereby saving
substantial memory and programming costs.




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 data block shiowm 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 swecps, and to declare as raw target reports those
groupings which are completed. 1In the normal mode of operation, all groupiugs
of two o» 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 finished 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 assoclate the proper mode 2 code with each declared target report. How-
ever, these replies are not used to create a target ceport; 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
compietion of the reply declaration procedure begun by the havdware reply
processor. This function first searches for potentially extraneous replies
that wmight have arisen from

1. Sidelobe interference,
2. A wmilitary 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 remaiulug replies then have their
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
inirial function.

By design, the transmitted signal mainbeam is wider than the received
sidelobe suppression (RSLS) reglon. Thus, it is not unusual for sidelobe
replies from an aircraft to exist om either side of the accepted maiunbeam
replies. Should two ailrcraft, somewhat offset in aziwuth, be synchronously
garbling each other, the set of successive sweep replies depicted in Figure 4-
Z would result, :

Depending upon the detailed code pulse structure and amplitudes of the
two garbling replies, six different sitrations could exist in which the
sidelobe and mainbeam replies on the end sweeps produce hybrid brackets,
defined as ones in which cne framing pulse is mainbeam and the other sidelobe.
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Figure 4~2 : The Phantom Problem
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hesc cases, and the replies that would be declared by the reply processor,
The reply processor logic accepts all hybrid brackets,

are shown in Figure 4-3.
Thus, the plantoms of cases 1 and 2 could

but discards purely sidelobe ones,
not be identified as such,

In cases 3 and 5, the hybrid bracket represents a valid reply; these
situations account for the acceptance of hybrid veplies. Unfortunately, the
hybrid replies in all other cases arc extraneous replies that should be discarded.

The method that can be used to distinguish the two valid cases from all the
others is really quite simple. A study of the six cases proves the validity

of the feollowing 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 ox 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 from Chapter 2:

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

1,
2. 1f 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
F2 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

mainbeam

2. ¥1 reference, sidelobe: accept if F2 is ungarbled, reject other

wise (see below)

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

mainbeam

4, F2 reference, sidelobe: reject the reply, as Fl is garbled and I'2

is sidelobe

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

timej - t:ime1 = 24N + 2 N=1, 14 (16.552 MHz clock)

Since repllies are range ordered, once a reply ] 18 reached that exceeds reply
1 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 can be discarded by the reply
processcor. Instead, the military bit is sct in the information block for such
a reply. The reply correlation software must then examine every such reply to
determine whether it should be rejected. First, the earlier reply of the pair
must be located. Since the suspect reply's Fl pulse falls in the SPI position
of the reply sought, the relationship between them is:

time2 - time] = 408 * 2 (16.552 MHz clock)
Replies forming a military identification pair should agree on azimuth, while
two unrelated replies coincidentally satisfying this range condition would
usually fail to correlate. Thus, if

’ {

|1az, - azl| < 1C moropuise counts (about 0.250)

the suspect second reply 1is 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 ecrror 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 tp the same aireraft,
the azimuth and code should be the same for both. Thus, any reply i is
eliminated that agrees as follows with the previously received reply:

1. time, - time_ _

i i-1 < 10 counts

2. |az < 10 mupopulee counts

N !
17 8%
3. codei = code i-1

Replies that survive the above tests have their true range and azimuth
values computed. The ¢ange or 2 raply is determined as:

range = (time - k Yy 2 k

cffset” convart
The constant koffoe , which may be different for each sweep mode, is the time
that would be rep5fEed for a zero range reply. Transponder and reply processor
delays enter into this number. The factoyr k is the conversion constant

. e
between time counts ard vange units, and dcpgﬁgg Sgon the hardwara clock
frequency and the valuce of the least significant range bit,

The azimuth of a reply is given by the bLoresight 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 be 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 occcur 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 the calibration region of the monopulse antenna.
Finally, if the monopulse reference was initialized by a sidelobe pulse, as
indicated by the correspondiung reply bit, it is highly suspect and thus not
used.

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

0= Yy ¥ T, ¢

where T is the monopulse cglibration table. 1f this monopulse correction is » O,
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 considzration,

however, the reply azimuth can only be defaulted to boresight:

0 =
v

N
Ybs

and the reply specially flagged as side 0. In addition, any codc bit of such
a reply labelled as a high confidence 'l' 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 Reply Correlaticn 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
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sweeps, wlere § 1s a parameter (usually set at twice the expected aircraft
runlengthj. Entries in this buffer progress from raw reply entries to com~
pleted target report entries as the reply correlatien procedure advances,

This multiple utilization approach minimizes data transiers as well as storage.
The reply sort table permits access to replies by range quanta, and thus
greatly accelrerates 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 ramge 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 cne 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 avallable 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 2 candidate reply and the represented group can be determined
without having to access the information in the reply buffer. The two attrihutes
chosen, as shown 1n Figure 4-5, are the low order range bits of the tirst
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
depeudeul 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 uncorrelated mode A or C
reply, the entries for both of these replies are altered considerably. The
entry for the old reply (Figure 4-6bL) now includes all the attributes required
for the reply correlation tests (renge, azimuth, and codes and confidence
words for both modes A and C), wh.le 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 eutry. 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 1s not changed at all; instead, the information
it supplies is used to madify 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, since the program developed for this purpose
must run in real time in a real computer, the algerithms that implement these
functions shouid execute in minimum time while requiring minimum storage.
Clearly, a performancc tradeoff must exist.

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

1. Sweep~to-sweep cotrelation is performed during the time the replies
for a new swecp 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 deiruliing 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 correlaticn 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. Replics with uncertain codes (due to synchronous garble or inter-
ference) are considered for association after those with high
confidence codes, thus minimizing ambiguous situations and cross
correlatious,

6. A new reply is correlated with an existing reply group only if 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 l-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
alrcrafc 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 y

match is identified, whereas any other approach would have to look for all ‘.
other possible matches. Second, although the first choice logic is far simpleé
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 grouplng 3) exist with the same code, and the wrong
one is aelected.

) Mien vy wncmldiam —edal A2 :c-_.,.__ _______ e mos meed m e e
—n AW 1w L\-vJ..LCB w1l U.I.LI.CI.CI- L LUUCD \.UIHPCLC LUL All TAALDIL AL 6 Lcy 'Y
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 alrcraft 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 are 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 corrvelation window is much smaller
than the target-to-track corrclation oune, the error will never be critical.
Tiie second type of crror will produce one or more target reports with tha
wrong code/altitude pairing. This mistaken mode pairing will become obvious
during target to track correlation, as the track file will contain the proper
pairing. Then, si.ce all the replies involved in the ambiguity situation were
maintained, eveu if some failed to cerrelate (refev to rule 7 above), the
"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 common subset of the second. To
reduce the possibility of such errors, replies with all high confidence code
bits are processed first by rule 5.

The correlation requirement of exact code agrcement (or onc bit 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 vorresponding positions
would have to be set to low confidence. Should, in fact, a high confidence
code error occur in a reply, rule 7. guarantees that the alternate code
(i.e.: the vne 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 is maintained in a ctrack file; thus,
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 Reply Correlation Rules

The reply correlation algorithm outlined above is a correlate-while-sort
process. Each reply, in turn, is examined ro determine its proper sort table
range bin. Tt is then compared sequentially with each reply group (single
reply or correlated geoup) 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 fToilowing the pointer chain emanating from th-t word (sece
Figure 4-5). The reply will be correlated with the first grovp 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 sufficientiy close to a
bin boundary to permit correlation with a group in the adjacent bin, that
second bin is searched. 1If 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 followlng conditions are met:

1, The range difference between the reply and the yroup is no greater
than Ap .
max

2, The monopulse czimuth difference between the reply and the group is
no greater than A0 + If one of the a Imuths is defaulted to
a
boresite, this rest{s bypassed.




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

4. The code of the reply (identity code or altitude) is compatible with
the 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.

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

< Ap

bin # - 1] *ZB) - low order range

[ (r

reply - max

B )
27 = sort bin quantum

and no reference to the reply buffer is requirea fox this primary test. The
azimuth comparison cannot be trusted if either the caundidate 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
MNigure 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 are monopulse, the test is:

. -0 | < A8
reply group — ma x

If a candidate reply passes both the range and azimuth tests with respect
to any cxisting group, the code swap Boolean variables associated with both
that reply and the first reply of the existing group will be set to 1RUE if
the correlation is blocked by fallure of either remaining test. This action
will insure that both replies, if mode A or C, are declared as target reports
whether or not either becomes correlated, and that both will be avgilable for
possible code swapping later.

The third test, prior correlaticn of the group, is performed by comparing
the number ot the current sweep (irodulo the runlength) with the sweep numbez
field in the ieply 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 correla.. ~ 1s forbidden.

A mode A (identity) reply and a reply group with lias 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 fellows:

|(ET§T?5 VBV D{ = 12 (i.e.: all birs of result are 'l')

where A, B are reply cnde dand code confidence words
C, D are group mode A code and code confidence words
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Figure 4-7 demonstrates sample agreement and disagreement situations. Implicit
in this test is that the probability of an aircraft changing its identity code
during the runlength of a scan (nominally .03 seconds) is nzarly 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 facr that altitude encodiang employs a Gray code, a mode C
reply and a group with an established altitude are defined as compatible when
they disagree on at most one mutually high confident bit, or:

l(AeF) vevrFl >11
where E,F arc group mode C code and code confidence words

This test is clearly necessary, given the properties cf a Cray code, but not
sufficient, as the bit that differs may not be the one that represents a
single level change. However, the test has been deemed adequate as it will
reject most incorrect reply correlations, and as determining the biv that
should change is very time consuming. Examples of how this test is utilized,
including an incoTreci acceptance situation, are given by Figure 4--3. It
might be ncted that on wmost computers, the magnitude test can be implemented
conslderably more efficiently chan the twelve shifts and twelve comparisons it
would appear to require.

An alternative way to have determined altitude compatibility wounld have
beun to couvert both altitude codes into flight levels and then to have made
a simple subtraction, The two wouvld then be compatible provided that:

| (reply flight level) ~ {group flight level)| < 1

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 cannct easily be included
into this test, as one uncertain Gray code bit can translate intc many uncer-
tain binary bits. Thus, such a test can degenerate to sutomatic acceptance
when interference is present, Furthermore, the requirement of decoding every
node C reply, including fruit, rather than just decoding target reports, would
place a large processing burden on the system.

1f at any time during the search through the linked list of bin entries
2 null entry is found, that 1s, 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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Reply Code (A): 001 010 001 010
X XX XX X
Group Code (C): 011 10¢ 010 o011

Reply Conf. (B): 010 101 010 101

Group Conf. (D): 000 011 001 000

(A ® C)VBVD: 111 111 111 111
agreement

Reply Code (A): 100 110 000 010
XX X XX XX

Group Code (C): 111 010 011 001

Reply Conf. (B): 010 001 GO1 001

Group Conf., (D): 000 160 100 000

(A @ C)VBVD; 110 111 101 101
* * *

disagreement

X - possible mismatch
* - actual mismatch

Figure 4-7: Mode A Agreement Testing
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Assume all confidence bits are high cenfidence (i.e.:

Reply Code (A):
Group Code (E):

(A ® E)VBVF:

Reply Code (A):
Group Ccde (E):

(A @ E)VBVF:

Reply Code (A):
Group Code (E):

(A ® E)VBVF:

010 011 001

010 111 001

Flight Level
000 123

000 122

111 o011 111 111

weight = 11, acceptance

Flight Level

110 100 116 000 76

010 000 001

000 143

0it 011 000 111

weight = 7, non-acceptance

*light Level

101 010 100 Q00 247

1006010 100 000 48

110 111 111

11

weight = 11, acceptance, error

Figure 4-8:

Mode C Agreement Testing
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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 4-5c. The first
step in this transformation is to use the parameters of the c¢ld 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 1'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). Othervise, 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 azimutl estiiates are defined to be the average of the two replies nearest
toc 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:

welight = 1 : boresite reply (no monrpulse estimate)
weight = 32: side 1 reply (monopulse correction > 0)
weight = 64: side 2 reply (monopulse correction < 0)

The raunge and azimuth of boresite replies will not be employed in target
declaration if any monopulse samples exist. If all replies are defaulted to
boresit:, 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 N
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
Boolean update equations for mode A are: -
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. C +AB+C+D

o
4
(S

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 implement the rwules shown graphically by the Karnaugh map of
Figure 4-1la. 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 'l'. Note that nigh confidence bit disagrecement is not
permitted by the reply correlation rules. The Boolean update equations for
mode €, which implement the rules of Figure 4-11b, are given by:

E«A+E+A+«B+E -

ol

F+«B +F+A - F+A+*B+E-F

=<}
.

o1
.

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

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

The estimates for both the X and SPI bits are updated when a mode A
reply is reccived (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 'l' whenever a high confidence disagree-
ment iz found.

The updates required for the weighting factor and the weighted sum of
range aud azimuth words of the second data block depend upon the present
state of the weighting focter and the sign of rhe monopulse azimuth correction
possessed by the new reply. First this correction ig used to determine the
weight associated with the new reply as described earlier. Then the rules
prescnted 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

W



014 Reply
Weight Weight
< 32 1
< 32 32
< 32 64
32 1
32 32
32 64
64 1
64 32
64 64

01d means previous

value

New
Weight

old + 1
32
64

old

64
old
old

old

hTc-65(4-12)

New Weighted .
Sum of Ranges Word :

old + reply range

32 * reply range

64 * reply range
old

32 * reply range

old + 32 * reply rvange
old
old

old

Weighted sum of azimuths word follows same rules as weighted sum of

ranges word.

Figure 4-12;

55

Weight Update Rules




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 gzimuth: the placing of this azimuth value in the azimuth entry
in the first data block. This insures that the azimuth test for the next
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 ancther
{ 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 conmected with a target (epori. It caunol Le used Lo turn ovun uneor-
related reply into a multiple hit reply group, nor can it be used tc improve
the range or azlmuth estimates of an existing group.

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

G« A'G+ AB + GH
7 H + B*H + A*B-GH + A*B+G-H

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

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

The third possible case is that of a current mode 2 reply correlating
with au existing reply grouping. In this event, the mode 2 code and coufidence
fields of rhe second reply entry (shown in Figure 4~4c) are updated by the
above rules, and the uumber 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 replv, the
previcus reply's entry is nulled, and the sort table entry itself is made to
point to the new reply. Then the new reply is set to point to the _ :vious
mode 7 reply, and the nurber 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 (sec Figure
4=-5). This prevents correlation by another reply on the current sweep. Figure
4-14 summarizes in flowchart form the actions taken in each updatz casc.

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 runleangth.

If this oldest sweep is mode 2, no target reports can be created, This
is because, as stated earlier, only wmode A and C replies 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 cntry 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 rituation (see dections 4.3 and 4.4). A code swap
Boolean variable assoclated with this reply indicates which situation applies,
1f the variable is FALSE, the reply is not required, while if the variable has
been set to TRUE (by the rules given in 4.4), a l-hit target report is declared
for this reply. However, if the ftruit environment is so benign that 1-hit
reports are desired, all uncorrelated replies encountered on the sweep are
turned into l-hit reports. Finally, if the reply cntry has both flelds non-
zero, the reply is the first reply of a group, and a regular target report is
created for this group.

The format emploved 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 211 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 confidence 'G', and the number of
mode € 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 veply entry. Next, if the reply has corrclated with one or more mode 2
replies, as indicated by a non-zero wmode 2 pointer field (refer to Figure 4~
6a), the mode 2 code and confidence are copied trom the reterenced reply and g
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'. The correlating track number is set to zero for all raw reports,
as no track correlation has yet beeu 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 apn azimuth side setting of zero. The other relevent special bit,
potential code swap, 1is sel 1if the code swap Boolean variable fcr the reply is
TRUE.

For a wmultiple hi es ermir o
the informarion in the first two group reply entries (shown ian Figures 4-6b
and 4-6c). The range and azimuth of trhe target are calculated by dividing the
respective weighted sum by the weighting factor. The modes A,C, and 2 code
and respective confidence estimates, the X and SPI bits and confidences, and
the number of replies of e¢ach mode, are all copied directly from the reply
entries. The only change is that if any mode has no replies, 1its code is set
to all blits '0'. The two applicable special purpose bits are determined as
follows: the target is flagged as boresite if the weilghting factor is less
thau 32, and as a potential code swap candidate if the Boolean variable
assoclated with the first reply of the group 1i{ TRUE.

- rAavoaat 11 r + -
£ target r y» all target valu are dets
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See Figure 3-2 for a list of other bits.

Figure 4-15: Target Report Format
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At this point in time, the mcde 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 displey and other "human" uses. The conversion algorithm which
has teen desipgned for this purpose is developed ir Appendix A. If soms 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 correlaticvn
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). 1If 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=0 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 pvesence of the same one irn both a target report and a track
should be a sufficient crirerion 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 falsc tracks could result
in the existence of more than one track for a given ccode; reflections, corre-
lating fruit, or ringavound 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 ncn-discrete codes.
Even in the normal case, dealing with only one target report and one track at
a time, no assurance can be given that the report is valid. Thus, satisfaction
of a sct of position and altitude reasonableness tests is required before a
discrete correlation is accepted. If these conditlions are nct met, the
procadures for non-discrete tracks, described in the next two chapters, are
again requiraed,

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 malntained in the system, In addition, a back pointer array is
defined which both acts as an exteusion of this table and provides the infor-
mation necessary for its dynamic manipulation. Figuve 5-1 illustrates 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 ent.y
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 {(rvefer to Figure 5-2). Thus, starting from either the hash
table entry or any track in the loop, it is pecssible to determine all tracks
possessing the sawme 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 uxceeds 1000,
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Figure 5~1: Discrete Code Data Structures

65




TATC-65(5-2)]

\\
T . 1000 + m n
Hash Coded Back Fointer
Index Table Array

Before inserting track k, with same code as track n (or after
deleting track k).

e — n k
/ ——
m ] k
~— 1000 + m n
Hash Coded Back Yointer
Index Table Artay

After inserting track k (or before deleting it)

Figure 5-2: Dyunamic Change of Hash Table System

66




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
ore If the track's back pointer refercnces a table element, and this element
;Lt rences the trgck, the track is the unique one with its code and so the
table element is merely inactivated. However, if cither of these premises is
false, other tracks with the same discretz code remain in the system. By
following the chain of pointers beginning with the track's back pointer, 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 1s 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 lcocation is ewmploved
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
cvent, the search has failed and no such track exists.

The major complication in an cpen
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 lccation,
and thus be unlocatable 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 ccnverted to unused. An
occasional backward. stepping through the entive tuble, implementing this
rule wherever possible, serves to produce the desired effect.

ng schema dinvelveaes the deletion

The other potential problem for open addressing is long secarches when-
ever the table nears capacity or several tracks hash inte the same area of
the table. 7To 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 = 2", ™2 oy ¢ ™1

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:

; 3 = 2 %
hash address = 2 [... ¢,b,D, D1]

-1 lowest code bits

67




] ATCGS(Bfl

m ' h_.__p_;r—‘-——~1—-"'ﬂ‘k——__-— Start of search for code
1 - 1 hashed into m

m+2 m

3 empty G — End of search

Key: means code of entry

hashed into m

Situation when two different codes hash into location m: second one
is placed into first available slot above m, which was m+2 in this

case.

|

l
m m ———— Start of search
m+1 enpty i¢——— Search must continue past a
N - freed location
mt+3 empty Search ends at never used

jocation
|
1

Situation after entry m+l {s deleted: a new entry can be placed 1nto
either empty slot, but the search must only end at the never used one
i1f second m entry is to be found.

Figure 5-3: Empty Hash Table Slots

68




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 menticned above.

5.2 1lnitial 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 that l-hit reports, if permitted in the
system, will always consist of only one mode. To prevent the formation of
many correlating fruit reports, such reports are not permittcd 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:

< *
[o] <10 % ap_
|ao| < 49
- max
where 4Ap and A0 are the reply correlation parameters. Whenever such a

. X ma . s e s
pair is Tgcated, a s¥ug1e report is created from the individual reports as
follows:

=01+02

P 2

O=ol+e2
2
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mode A code and confidence: use report 2
altitude, confidence, and type: wuse report 1

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 1 and 2

The two reports are then removed from the lists and the attempted pairing
continues. After all psirs have been checked, the remaining reports in the
target buffer are moved up to till 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 tahle. 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 repert in each range quantum is placed 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:

+ 1 integer division

pollel

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 cne of the ones sought. Thus,
both a roarse 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. d

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 deterwined.
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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 15 noted. If none,
discrete correlation 1s 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 twc or
more are real, the more powerful non-discrete correlation algorithms are
used, as they are more capable of dealing with unusugl system behavior.

5.3 Discrete Correlation Procedure

In the normal case, discrete correlation will deal with only oune 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 introduvction, numerous special cases must be
identified and treated within the overall discrete correlation process.

The main components of this correlation algorithm are the following:

1. For each discrete coded report, determine how many tracks with
maiching 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 teport 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 mamghes its code.
Thus, the proper track to choose 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 tc 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 > P disc

4] z AOdisc

(b) for reports with range < Paisc

no test required: |AO| b 30° is acceptable this close to
the sensor and |A0| > 30 is covered by 2(b)

2. range ’

(a) for target/track pairs with AQ < 30

A < Ap .,
‘ p| - pdxsc
. . o

(b) for target/track pairs with A0 > 30

2 . N

A S« BT A < A S ces (AB) <

LdLE,Buu LL KB Lol gy Kira Ly il -

2
L .
P disc

where gnd means ground range
3. altitude
(a) 1if report is not a rode swap candidate (see Chapter &)
Ah < aAh
- aAX
(b) 1if report is a code swap candidate
Ah < 1/2Ah
- max
The cal:zulation 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 21) three reasonableness checks are satisficzd with vne, and only cne,
track, an association 1is waue as shown in Figure 5-6. Should no track be
successful, the report enters general correiation to seek its proper track;
stiould two or more tracks pass the tests, general correlation is needed to
apply a more complex set of crilteria to the situation. After all reports
have been processed, a full asscciation table as deplcted in 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 undevgo a selection
process,
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Figure 5-6: Discrete Code Associatien Table




Ringaround occasionally occurs when the elevation angle of an aircraft
exceeds 307, 1Its symptom is several targets with the same code at the same
range but at different azimuths. Thus, if wore than one target in a sector
associates with the same discrete track, and the track has an elevation aungle
above 300, the determination of the "real" target must be left to the mere
ccmplex general correlation procedure. 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 correlaticn is not performed by the discrete algorithm.

Any other situation in which two or more discrete reports associate with
the same track i1s probably caused either by ground reflection producing
shadow reports, or by the coincident correlation of a fruit reply from the
same aircraft. 1In the former case, the shortest range report will be the
real one, while in the latter case the frult 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 remaining
reports are then labelled false and not allowed to enter intc 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 seclor or
postpone this action to a future sector. The latter choice is preferable 4
whenever the track has a reasconable expectation of locating a morc valid
report in a subsequent sector; this hope would occur when the predicted
sector for the track is subsequent to the current sector. 7The rules which
implement this idea are the following:

1. 1f 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, wui Lie
target repert has been held ar long as possible in the system and
C- must be output this sector, correlate immediately rather than lose cee 1
the chance (another report with the same discrete code is always
doubtful) .

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

1f the correlation is accepted in the current sector, the track number
is pilaced in the proper field of the target report and the target number
. entered into the track file. The only other action required arises 1if the
track is not resident on the linked list for the current sector (refer to
Chapter 9). Track update cannot process any such treck; thus the track must
be removed from its present list and placed at the end of the list for the
current scctor.
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6.0 TARGET TO TRACK ASSOCIATION

e e e b v r ey ey . » ~

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 discrete algorithm, undergo a more
complex general ccorrelation procedure. This rrocess has two components:
association, which identifies all possible pairings of targets and tracks,
and correlation, which chooses from among these the proper track for each
report. This chapter will discuss the former of these actiouns,

In order for a target report and track to successfully associate, they
must lie reasonably close to cach other in three dimensional space. That is,
their differences in range, azimuth, and altitude must be smaller than the
largest expected track prediction crror. In addition, agreement in identiiy
code is desirable, although the possibility of code reassignment during
flight precludes this being a strict requiremcnt,

During the association process, reply correlation errors may come to
light. When such an erroneous target report is identified, 'code swapping"
is employed to rezoustruct the proper pairings of mode A and mode C codes.
This process requires the presence of certain l-hit target reports, namely
those carefully during the target declaration process of Scction

4.6.
The next four sections of this chapter dis-uss all of the key concepts
of the association process. The last secction then ties all of these ideas

together aud presents the overall asvociation algerithm.

6.1 Assoclation Cross Reference Table

The most important association data structure is the track/target cross
refercence table. This table has ¢n entry for each association pair identi-
fied during the ausoclation process that specifies the track number, target
report number, aad score of the peiring. In addition, the tabiv puimits the

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

tracks assoclating with a given targes.

Conceptually, this table can be represented as shown in Figure 6-1.
Each entry contains four fields: track number, vacget number, score, and next
entry pointer. All pairings for any given track are located contiguously,
while all pairings for a target ave linked rogether through the pointer
field. In addition, each track and each target has a separate peinter to its
first entry.

The actual storage implementation choscn for these table entrics is pre-

sented in Figure 6-2. Three two~dimensional arrays ave ewployed, which
contain, for any given index (i, j), the target number, score, and next entry
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pointer respectively of the entry corresponding to that index. The first

~subseript-i-of each array-ranges-from-one to -the -maximum number-ef-tracks —~———- - - oo

that can exist in a sector, and indicates the entry is for the i ' track in
the sector (the tracks, as shown in the figure, are ordered by a linked list
structure). The second subscript j ranges from one to the maximum numbertgf
associations permitted for a track, and indicatec that the entry is the j
for the track.

The mapping from track numbers to sector order numbers for the first
subscript permits a significant 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 contrcl over the performance of the
overall correlation algorithm. TFor example, by reducing tnis limit, many
fewer interlocking association situations will arisc 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
prevent some serious correlation errors.

The target number aud score arvays for an index directly contain these
items for the corresponding entry. The next entry pointer array, however,
requires some decoding of the lue stored, In particular, if the next entry
tor 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

-eubscript. -In-addition, cach report has similarly eucoded pointers to its

first and last entries,

To create an assoclaticn entry for track k and report j, the sequence
number 1 of the track is first determined from its position in the sector
linked lisr. The entry itself is then placed into the (i. j) elements of the
three arrays that constitute the table, The value of the uext 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 vreport,
specified by the report's last eatry pointer, is set to point to the new
entry, and then the last entry pointer itself is set to this same value.
Figure -3 illustrates this seyuence of events.
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When an association entry must be discarded, for one of the reasons
specified in secticn 6.5, the three actions depicted in Figure 623 must
occur. Assume the-entry to be deleted is for target j and the i track in
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 1 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 1 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 Tyoes 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 upon ithe resulis of these tests, the pair will
form one of the following types of association:

1. Sure association - the pair is accepted
2. Fotenrial association - further tests are required cn the pair

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

4. No association = the pair 1s rejected
The entire issue of code swapping 1s examined in Section 6.4.

The first test made on the target/track pair is range and azimuth agree-
ment. Three boxes are constructed arcund the predicted track position, as
cshown 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 creating a zone 1
assoclation.

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

fall at worsc in the middle sized box, thereby creating a zone 2
assoclation.
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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 for 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 interpslation, earlier points are
irrelevant). The track firmness f and history firmness 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, 1f 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
zeru), the resulting formulas are:

Anl =d xl1 + gil (n. miles)
S g
d
8o’ = Max gde, —-‘1£ x [1 + gf—] (radians)
n B

where dp = report range accuracy (n. miles)

d

"

report azimuth accuracy (radians)

L]

p predicted track range (n., miles)

The zone 2 box dimensions are calculated by assuming the aircraft being
tracked 1z -in & circular turn. Figure 6-6 depicts the assumed configuration,
and presents the derivation of the required formulas for the worst error
case, As scen, each formula has two terms: one depending upon report accuracy
which is identical to the box 1 relation, 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:

Apz = ADl + 0.05 x [fz + fg] X ag (n. miles)
662 - AO1 + Qﬁgé-x [%2 + fg] X ag (radiaus)
where ag = turning acceleration (g units) and : second stan 1s assumed.
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Since zone 3 is intended vo account for unexpected mancuvers or for
tracking crrors due to previous incorrect correlations, no formulas zan be
derived to represent its size. Instead, it is simply defined as follows:

2
Ap3 n X Ap”~

2
n x AO

o
<
1l

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

Except when the track is very near the sensor, the association zone forv
a target/track rair is found by comparing, their range and aziguth differences
against the box 2ize var%nbles Ap1 and Ael. I1f the values A,  and A0 are
set to G, and 4Ap and A0 are defined to be infinite, the compoment zones are
datermined as follows:

i

il

i if Apl—l < Ap < Ap

1t 037 < o < a0

N
[}

9 ]
lThe association zone then becomes:

Zz = Max {zp, ZO}

The one exception to this rule occurs when the target is a general (not
potential eccde swap) l-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.

£ I\{)l Hnvsand 'l.iﬂo A
Lo@v CARLCEO 20V

1f a trac ic wary noar tho ceonsor +hn vy and

AT
vely n<ar LAl oh y w0l Vaa

A~
e U

4

thus the zone 1 azimuth comparison would always be satisfied. This would
lead to the declaracion of zone 1 for a target/track association in which Ap
was very small, even 1f the twe 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 = 1 if

[ i-1]% {2 2 [ 1]2
- o8 A6} < 3 4p

ho J < lpgnd,trk + pgnd,tgt ngnd,crk pgnd.tgt. cos 4 L
where gad means ground range. Again, this value 1s incremented for general
1-Lit reports.
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If che zone value calculated for an association is 1, 2 or 3, the testing
can continue. However, any association whose zone is 4 or greater is immediately
rejected. ‘

The next association parameter checked for the target/trazk 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 13 computed. Such a disagreement occurs whenever the two codes both
have a high confidence declaration for a given bit position, but the values
are opposite (a 0" versus a "1"). The vumber of such instances is given by
the weight of the following syndrome sequence:

S = (Ak L Ag) U ACk U ACg

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 |[S|| = 0, that is
when all bits of § are zeroe¢s. Should this situation occur, however, because
the target report had no high confidence code bits, it will be called default

code agreement instead, and the value of AC will be ser to 1/2AC . The

!
|
value of AC is irrelevant; the symbol is used only for parall§i¥sm with ﬁ
the altitude Situation discussed below. The next possible case, potential
code agreement, cexists when fewer than a parametric number of bit disagrce-
ments are found. This number, typically set at one, 1s related to the reply {
processor erro. rate. Potential agreement, represented by AC = AC_ | thus
occure when ||8]| < N . Finally, code disagreement between the aSSociation J
pair exists whenever more than the allowable number of bit disagreements are
fourd. That is, this casc, represented by AC = 28C___, occurs when ||S]|]| > 1
Nopr 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 trivial. 1In such a case, the level of agreement, denoted by
the symbol Ah, would be computed as follows:

= |h -h |
Ah |hk hg

where h is altitude 1u flight levels (hundreds of feet).

However, cither or both altitudes could be non-existent, brackets ouly (indi-
cating no altimeter), or still in Gray code due to the presence of one or
more low confideacc 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 cascs. The nomenclature for the type of agreement that exists for
the pair is as follows:
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Track Code and Confidence:

]
A 010 00L 100 011 ‘ET.C_‘_@_@:M_

AC 000 000 000 000 (A1l High Confidence)

Tutﬁg}_Codu_pnd Conf idence:

Case 1:

A_: 010 000 120 001
& * % * = Disagreement with Track
AC : 000 011 010 (10

4
AC = 0, As All Differences Are Low Confidence
Case 2:
Ag: 000 000 000 000
* * % *k
ACg: 111 111 317 111
AC = 1/2 Acmax’ No High Confidence Bite Disagree Becausc All Bits Are Low
Confidence
Case 3:

A : 010 001 o000 001

b4
* *
AC : 001 000 000 011
g t
AC = 4C_ , One High Confidence Disagreement
Case &4:

A : 000 1il 100 011

g

% k%
AC : 000 010 010 000
CEE

AC

L}

ZACmq", More Than One High Cenfidence bhisagreement

Figure 6-7: Code Matching Ex=aples
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0 < Ah < %*Ah ; aliitude agreement

1 - .
E'Ah < Ah < Ahm potential altitude agreement

max - ax’

Ah > Ahmav: altitude disagrcement

The value of the parameter Ah_ has typically been set at 10, which repre-

e - max
conts a difference of 1000 felt between report and track.

As stated in Chapter 1, the track ile dees not maintain a mode 2 code.
Thus, no mode 2 agreement calculation i¢ possible, and mode 2 plays no role
in assovciation or correlation.

Once the geometric zone and valwes of AC and Ah have been determined for
an association pair, the type of asrdziation that exists can be identified.
Figure 6-8 presents the two matrices thiat supply this type information, The
first matrix, shown in Figure 6-8(a}), applies to all associations in which
the targer report is not a swap cavdidite, This status has been determined
in reply corrclaiion (see Section 4.6 and is indicated by the corresponding
bit ¢f the target report (refer no Vigare 4-14). The second matrix, in
Figure 6-8(b), is used by associatinis in which the target report is a swap
candidate. The entries in which a dash appears are those for which the swap
status is ivrelevaui; the correspoading entry in Figure 6-8{(a) is applicable
in both cases. Also, if the potLenzial 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, Perrfect association -~ all attributes (position, code, and altitude)
match fully

2. Acceptable association - the code o

altitude aiiribute (or both)
is suspect, but no further testing is deemed necessary due to the
excellent positional agreement

Potential association - the combinaticn of suspect code or altitude

(or both) with suspect position requives 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 swapplng could improve this condition

5. Potential coude swap (alt code) association =~ dual of 4

6. No association ~ attribute differences warrant rcjectiovn
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Figure 6-8(a): Association Matrix for Non-code
Swap Reports.
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Since enly a limited number of associations are permitted for ecach
track, it is important that whenever more than this number are possible the
best ones are retained. This imolies that some method of scoring assuvciation
pairs is vequired. As the geometric zone and level of code and altitude
agreement are known tor each association, these quantities will be used te
construct the score.

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

score = (zouc-code factor) x (Ahqu + 1) + Ah

where the zone-code factor is determined as follows:

factor zone code
& e - < AC
1 1 wgree (AC < Acmax)
2 2 agree
3 1 disagree (AC > AC
max
4 2 disagree
5 3 agree

Any zone 3 association that failed to agrce on code was rejected. Since Ah
Ahqu for an acceptable association, the scoring formula gives a different
scere for each unique association situation.

A

o1 .

6.3 Velocily Reasonabieness Test

The intent of the Velocity Reasonableness Test is to determine 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,
§ rectangles centered about the predicted track position. 1In reality, the
locus of possible target positions, as shown in Figure 6-9, is descrited by a
curved surface aligned with the track's velocity vector. Thus, there are
some areas of the gssociation box in which target reports should rot reasonably
appear. The Velocity Reasonableness Test is used to determine when the
simplistic box shape has led to unlikely associations bzing created, so that
such associations may be rejected.
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Figure 6-9: Locus of Target Positions
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The basic geometry of the test is illustrated in Figure 6-10.  Two
velocity vectors are cmployed 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 sccond veetor, which extends
from the last known aircraft position to the position of the target report in
question, would be the actual current velocity of the aircraft if the report
in fact corresponds to it. The test basically judges the recasonableness of
the required aircraft velocity change.

—
The coordinate system uscd for the new aund 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,0 terms, the vector
components are slant range and angular distance (p6, not 0, as velocities are
being compared). If i and j denote report and predicted track quantities
respectively, the two vectors are:

<i

]

Y= (p. ~p. +p., [0. -6, +9,.] xp.)

= v
(vo ' pb i j J i J j ]

it

2L

= (w W
W W)

. .
(p.s 9.p.)

] 3]
where p is in miles, 0 in radians, and velocities in per scan units. However,
it the track is sutticiently near the sensor that ground x, y tracking is
being performed on the track (sge scction 9.4), these same coordinates are
used for the vectors:

. 1/2 . 1/2
- gl - ] -~
v=(v,vVv)= 0," - h_2 sin 0, -~ x. + x., |0, - 1,”
X y i j i j i j
2\
cos O, -y, +

i yj)
N .
[ [ N o
A AT . 4 Z

The vector comparison that constitutes the velocity reasonableness test
is accomplished in twc parts: angle and magnitude. The direction cosine
between the two velocity vectors is given by:

PN
W oe v
AT A
[wix]v

=
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Figure 6-10: Velocity Reasonableness Tuost
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The first part of the test is successfully passed it the angle difference is
sufficiently small, that is, if,

a2 - (f-1) * 1)

where £ is the track firmmess and P, is 4 parameter. This formula permits up

S . .
to a 90 angle between vectors for a consistent track (=1 reduces the equation

to a > 0) and a larger differcnce 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 uncertainty
in cither report coordinate is greater than that coordinate's velocity. In
such a case, the heading could be in error by mere than 900, thereby invali-
dating the test, Consequently, the angle test is automatically considered to
be passed whenever:

pj < cp or Oj < uO

for p, 0 tracks or

é. < ¢£€_Or -,
J - b yJ

< €
- p

for x, y tracks, where € and £y are the system velocity uncertainties.
f

The magnitude test checks for situations in which the velocity increasc

cxceeds a reasonable limit, The association passes this part of the test
whenever:

RN
*—-‘lﬂ‘~<fxf’

O e — 2
[wtc]

where P, is another parameter. _Again, the test becomes less rigid when the
track is coasting. The vector e is the velocity error vector, giveu by:

£ = (ED, p 50) or (EO’ Cp)

-
for p, O 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; the
angle test partially covers this case, and the error term would lead to
automatic success in most situations.
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11 both component tests are passed successtully, the potential associa-
tion is acceptable. One possible cxception to the use of this test occurs
when a close-in x, y track has an unknown altitude. Since such a lack of
knowledge severcly atfeets 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 parametct.

6.4 Code Swapping

Whenever the paths of two aircraft cross each other, it is possible for
the situation shown in Figure 6-11 tc¢ occur. On the first sweep on which
these aircraft respond, say of -ode A, the reply freom aircraft 1 is received
before that fruom aircraft 2. . wever, duc to differeaces in transponder
delay or other causes, on the subsequent mode C sweep the reply of aircraft 2
is reccived first., The reply correlation logic, not knowing what the proper
pairings should have teen, 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 (refcer to section 4.6).

When the association process is undertaken fer the track corresponding
to aircraft 1, both reports 1 and 2 will be identified as candidates for
pairings. Repori 1, by the rules of the previous section, will agree in code
but not in altitude with the track, while report 2 will agrece in altitude but
not in code. The code swapping procedure described below will then physically
intevchange the mode A codes of the two reports, crcating two reports with
the proper mode pairings. The association for veport 2 will then be accepted
(and highly scored), while the association for report 1 will be recjected.

A target report with an incorrect wode pairing can be created by two
other mechanisms in reply correlation, The first situation arises when a
fruit reply is reccived 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 incomplcte target report will result. As before, the
track corresponding to the aircraft will find potential code swap associa-
tions, one of ecach type, and initiate a code swapping procedure. Note that
the incomplete report may have only ong reply; however, since It falls very
close in range and azimuth to the other report, a l-hit report will be created
(refer to section 4.6). Had this special J-hit report rule not have estab-
lished, the reply would have been rejected as fruit, and the preper 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 correlation., 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
crack, 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:

99



code

Aircraft 1;’

p— N

-~

Aircraft 2:;

altitude C

A

i

g
~
-~ ~
T o= _— -~
— P
e
-
—
- ‘“;)
— Sweeps
-~ wrour
- during

Crossover

cade A

)
altituds C

2

Sweep Replies received (range ordered)
1 AL A,
1 2
" .
2 Cyr €
3 Al. A!
4 Cyu €

Reports Formed:
i. A,l with

2. A2 with

After Swapping:

1. A2 with

2. Al uith

Figurce 6-11; Code

2%

neither agree with either track

C2 - correlates with track 2

Cl - corrclates with track 1

Swapping Duc to Crossing Aircraft.

130




Ak

LI

T TR ELT

Sweep

Reports Formed:

l: A with C,

2: - with C

After Swapping:

UATC-65 (6-12) ]

Replies received (range ordered)

A

Lf,C (Lf means fruit)
A
C (If this reply is not

received, report 2 will
contain only 1 reply)

neither agree with the tr

1! - with Cf - eventually discarded

2: A with C - correlates with track

Figure 6-12;

Code Swapping Due to Fruit.

101




| ATC-65 (6-13)]
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Figure 6-13: Code Swapping Due to Bit Errors.
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Whenever at least one reply of cach 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
assoclating reports satisfy all of the following conditions:

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

2. The two associating 1eports are both of type potential code swap,
one of type (alt codc) and the other of type (alt code)

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

4, Thesc¢ 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 aircralts) difierent from the one corresponding to the track. The first
forbids code swapping when the track alrcady has a perfect report, while the
third forhids it when scme other track likes one of the reperts just the way
it is. Note that these two conditicns imply that all associations, for all
tracks, must be i ~ntified 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 informaticn,
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 thelr 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 (although 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.




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,
preparcd by Track Update, and a range sorted list of all target reports to be
processed in the scctor, 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 sectioun is provided by Figure 6-14.

The asspciatjon process for each track begins with the computation of
the sizes 4&p™, 76" of its threc association zonc boxes. These boxes giow
whenever a track coasts, as indicated by the formulas derived in Section 6.2.
Then, the range interval ian which associating rcports must lie for track j is
given by:

3 3

oj—Ap <p <p. + A

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 Discrete Correlation are ignored, while all
others encountered in these hins are processcd through the set of tests
described below. The single exception to tbis rule is that should 1-hit
reports be generally permitted, due to a very low fruit enviremment, they may
not associate with non-estabiished tracks (i.c,: those with 5 or fewer
reports). As explained in Section 10.3, this prevents the continuation of
extraneous tracks. l-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
are placed in order at the head of che mext scctor's list {sec Sectien
9.6)., Thus, the track's current number 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 camnot
vet have heen overwriuiten,

1f the current target appears on the treck's last sector list, the score
is simply copled; 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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when the report is a new one, the association process commences with the
determination of the association zone by the procedure presented in section
6.2, If the report falls outside of the track's zone 3 box, it is rejected
immediately. Otherwise, the zone of the associaticn is recorded and code and
altitude checking proceed as described in secticn 6.2. When these tests are
completed, the ascociation type is detcrmined from the appropriate matrix of
Figure 6-8,

I{f the type is no assoclation, 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 recjected; otherwise, the association is converted to acceptable.
A perfect or scceptable 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 be fully resolved at the time
they are created. Instead. any (alt code) asscciation 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 trvack 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.

. A Aue an Attt
G ¢

Py H (.

ruley an_attempt ig made to
locate pairs of bWEEB_blL reports. Th is, all (alt code) list reports are
compared with all (alt 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 accomplishaes this
alm is the following. First, the (alt code) association of each swap pair,
which is the one that would become perfect after swapping, is rescoved under
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the assumption 4C = 0, the after swap value. Using this score, the associa-
tion is placed on the tempcrary association list. Next, the (alt code)
association 1s placed on this list with the score previocusly calculated for
it, which assumed nv swap would ocecur. 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 (alt 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 cogde) 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) cune is 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 6-1/,.

After the partial code swap resolution is completed for a track, the
number of temporary associations created is compared with the maximum ner-
missable number. 1f 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 associlation with any track, the code swap
itselt is carried out as described in section 6.4; otherwise, the code swap
must be ignored. In either event, the assoclation 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 l-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 1l-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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7.0 TARGET TO TRACK CORRELATLON

Once all associations for each track have been determined, it becomes
possible to decide which target report, if any, should be used to update each
track €ile. Tu 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. 1In
these situations the "best™ association is chosen. The ranking of the
associations is accomplished through use of either the Quality Score or
Deviation 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
welights the geometric difference between the track prediction and report
positions. Occasionally several tracks and several reperts will associate
with ecach other. Thesc situations are reselved 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 repcrt 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 Qualitv Score

B e e T

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 aircratt. 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 agrecement

5. Track confidence
Figure 7-1 presents in detail the manner in which ecach 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.
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Octal Digit and Factor Condigég& 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

mal

AC = AC 3

max
AC = 2AC and:
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

-——— ——— - - - e e e e e e ey o S T Y s 407 (i b

4
altltude agreement ok © 500 feet 0
Ah = 600 feet 1
Ah = 700 feet 2
Ah = 800 feet 3
Ah = 900 feet 4
Ah =~ 1000 feet 5
Ah > 100 feet 6

3
track validity track established, p > o, 0
track established, p < oy 1
new track o > o 2
new track, p < o: 3

2, 1, 0

deviation score

———— - o

ity S -
Quality Score (d7d6d5ddd3d2dld0)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 the next once, this Quality Score is actually an
implementation of a multi-stage decision algorithm. That is, if two associa-
tions exist for a track, the onc chosen will be the one with the Jower code-
zone (digit 7) score, even if that association lost on all other criteria.

11 the associations tie on this criterion, however, 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 the entire test hierarchy, selecting the winning association on the

basic of 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
An + 1
max

valuc of digit 7 =

where integer divisicn (no remainder) is employed.

Tine second component, number of replies of modes A and C constituting the
targel 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 grouping is characteristic of a report forr »d by
coincident fruit, FYruit of the same mode would require code agreemei ¢ to
correlate, and thus most reports with two replies of the same mode are real.
Altnough l-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 agrecement between
target and track than that employed in the first test. As expected, the best
score (lowest number) is given when all code bits agree and are declared with
high confidence, while the worst is obtained when the codes disagree 1n
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 tavgel 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 AC=AC_ exists when the track and report codes differ by no
more than a parametrféxnumber of bits (typically one), and thus this situa-
tion fails between agreement and disagrecment, The elements required for
this test are obtaluned as follews: code agreement or disagreement 1s 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 0's = high confidence, all 1's = unknown, mixed 1's and 0's =
some uncertainty), and the track transition count is part of the track informa-
tion ensemble. :
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The next test measures the amount of difference between the track and
target altltudes, dote that altitude differences of greater tham Ah__, nor-
mally 1000 feet, would have prevented assoclation from occuring in tﬁéxfirst
place, Thus "disagreement" 1s 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, 1t can be obtained as:

th = 100 x [association score - (Ahma + 1) x (value of digit 7)]

X

which follows from the definition of assoclation 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 pnsitions. Thus, tracks
which have succassfully correlated a number of times are raited better than
newly inirfated ones, while tracks passing over the sensor, where positional
prediction accuracy is often hurt by missing data or uncertain®altitudes, 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 pricrity to the established track, assurance 1s provided that this
track will be Lhe one to continue correlation atter the sgplit cause has
disappeared.

The {inal 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 chat 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 descrilbed here is proper,

7.2 Deviation Score

It 15 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 tles bv taking into account the geowetric difference
between the track and target positions.

The Deviation Score doesn't merely reflect the distance between the
positions; rather it indicates the likelihcod of the aircraft under track
being at the position represented by the target report. In particular, the
scoring i1ules employ the fact that changes in aircraft zpeed from scan to
scan are unlikely, most chauges in alrcraft 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 1s fairly wide in the crosstrack direction and narrow in the
along-track direction, Since the association box coastructed about the track
position, also illustrated in the figure, must be square and in p, ¢ rather
than track oriented coordinates to prevent excessive computation time, it
includes much area quite distant from this region. By using the crack-
oriented 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. Ar
depicted in Figure 7-4, the accessible region for the aircraft is represcnted
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 preduct 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:

& , R
d = \[\0, QAG)
> s Y
L = \Lp, 'Le)

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. The 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:

where € and €, are the 30 report measurement ervors. The factor that rates
the direction of this deviation does s¢ by comparing its components in the
directions parallel and perpendicular to the turning locus. That is:

N 'Y
c =d -t
par
¢ =Jd) -c?
perxp par
C
f = _REIR 0.5 < f < ¢«
2 C - -
par
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l?redicted Position

Agsociation
Box

‘ Reachable
\‘}_‘ Locations

Previous Position
of Aircraft

Figure 7-2: Reachable Aircraft Locations.
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X 1s common predicted
position for both tracks

! hY
. N\
\
/
, X)
* Aircraft 2
1 Track
Aircraft }
Track
Resolution is seen to be:
Track 1 with Report 1 _
Track 2 with Report 2 [AIP-65(7—3)

Figure 7-3: Resolving Ambiguities through Deviation
Zones.

118




Tigure 7-

. Approximation to
TS 35? Accessible Region

4

/ Approximation to
/ Turniug Locus

Approximaticns for Deviation Region.
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"E\Tc -65(7- 5ﬁL

Report
p LT S
d Y
p !
t
Track v
Prediction /
0 J\—-*_N_
/ ' -
/ - - ‘s__
/ tl tc N\\\.
/ ?
/ Turning
along and cross Locus
Track __—}
Direction J components of

T respectively

assume turn rate of w radians per scan

A= .
w
Let:
B =1 - sin w
w
A= ( . de) = (ap, pAQ) A = report-track
N - ¥ ’ . Y
t=rt -4y
2 v .
te ¥t Cce) = (- Ap6, Ap) track coordinates and
A . . velocities
t (tlp tle) = (Bp, Bpo)

For X~-Y coordinates, make following substitutions:
X for p
X for 5
Y for p#

¥ for pé

Figure 7-5: Deviation Score Vectors
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Thus, deviations due to turns (C or 2 0) are penglized very little compared
to those requiring along-track aB&t¥erations. The bounds on f prevent 1its
effect from overshadowing that of fl' The final deviation score is given by:

D = fl be fz

This score is quantized to ZSEEE and added to the Quality Score in the manner

indicated above.

For tracks near the sensor, x,y coordinates are employged ingtead of ¢,
6 ones (refer to Chapter 9). For this situation, both the d and t vectors
are computed with x, y components:

-3

d = (bx, Ay)

= N
t = (tx, ty)

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

A A
£, = 12X+ (22

0 0

7.3 Correlation Timing

If the assoclation boxes for all tracks were contained within a single
sector, the assoclation 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 associatlon box for the track will encompass two or more sectors.

In fact, if the track 1s very near the sensor, its box could include parts of
every sgector. Clearly, if every possible associating target is required

before correlation can occur, the correlation decision might he delaved

gseveral seconds. In the worst case, when many tracks and many targets associate
with each other, no closed system might ever occur, and hence no cerrelation
decision could be made. Since target reports are required to be processed as
soon a5 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 1is 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 the center sector respectively over which the track's correlaticn
box extends. Then the track begins to seek assoclating 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 1is 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 vredicted sector have been received, correla-
tion for the track will be attempted. I1f a correlating target is identified,
the correlation will be accepted provided at least one of the following three
couditions is met:

1. The first octal digit of the Quality Score of the associatioen 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,

L8) later than its predicted one (and thus has completed its search).

If none of these conditions is satisficd, correlation is postponed for another
sector. Thus, in a many-track-many-target assoclation system, correlation
will be performed as specified in Section 7.5 if any of the tracks or targets
requests 1t, Some ol 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

vet received targets from the predicted sector of the track. TFigure 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
value ig get accordingly {(see Section 9.6 for o detailed discussion). As
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 thz 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 1s 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 tlag i1s 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 arc 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-
clations,

122



TATC-65(7-6) |

Current Sector §

BT
extent of track
assoclation box

Let MS = 2

Let Quality Score
< 20000000 be

acceptable
4
Assoclation
Quality Scores: ’
14
Qll 10000000 .
Q22: 10000000
Q33: 40000000
Q44‘ 30000000 ,
Correlation Paix Accepted? Re&ason
xl - 0l Yes Score acceptable
X, - 02 No Track centered in |
subsequent sector
X3 - 03 Yes Report cannot be 1
delayed further :
{
Xé - 04 Yes Track has reached end

of search

Figure 7-6: Correlation Timing Example
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Track Flag (TF)

TF = 0

10 < TF < 74

74 < TF < 138

-3
=
|

Target Flag (GF)

GF = 0
GF > 0

Figure 7-7:
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Interpretation

Update track this sector,

Track's association box is

centered in subsequent
sector TF - 10.

Center of track's association
box has already been reached;
box ends at subsequent sec~
tor TF - 74,

End of track’s association

box has already been reached;
correlate as sogn as possible,

Interpretation

Process target this sector.

Target delayed, but no
further than sector GF is
permitted.

Timing Flag Values



When a correlation has been selected, and the timing considerations
pernit it to be¢ consummated, the actucl actions performed are the following:

1. The target number is vplaced 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.

. 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 (1 on 1)

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

only with that et {m on 1)

3. One track associates with many targets, but each target associates
only with that track (1 on n)

Once the proper palr 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.

Faor the 1 on 1 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 be delayved any longer. In other situations, only the first digit of
the Quality Score is required to determine whether correlaiion <am bc ¢onsum-—
mated. Since this digit is contained within the association score (refer to
Section 7.1), again no processing is vequired. Thus, the usual correlation
case introduces little execution overhead,

When either of the many to one (m on 1 or 1 on n) association situations
ariseg, correlation 1is 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. 1If there is a tie for the best score, the
Deviation Scoves for the tied asscclatlons are evaluated and added to the
Quality Scores. Should a tie still exist, which is rare, random selection is
employed. -
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Figure 7-8: Elemertary Correlation Logic
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Once the target/track pair to correlate is identified, the timing criteria
of Section 7.3 are checked to deterwine whether or not the correlation is ac-
ceptable., If it 1s, 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 1 situatioans that
have reached their last correlation sector, that is those whose flags equal
139, have their flags set to O to indicate they should be coasted; other
leftover tracks have their flags left unchanged so that they can attempt
correlaticon 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 corrclation pairs becomes considerably more diffi-
cult when the ~ssociation sitvation 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 functjon that
has been selected is the minimization of the sum of the Quality Scores for
the pairings choseu, where each uncorrelated track or report is assigned a
penalty Quality Score.

Mathematically, this function can be expressed as follows. Define

- 1 if track i associlated with report j
ij 0 otherwise

X

X, ntl =1 for all i

Rppy, 3 = 1 for all ]

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
(Xi =1, 1 <m, j <n) is given by the rules of Section 7.1, while that for
eacﬂ auxilia;y associlation (i = mtl or j = nfl) is assigned the default
value, currently set at octal 50000000. Next define
S {l if track i paired with report j
ij 0 otherwise

as the correlation pair assignment variables. Then the optimum correlation
resolution is described as follows:
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+
Minimize E Yij Qij

i= i=1

Subject to Yij =1 i=1,m
>\
Yij=1 j=1,n
, = . e 1
i < Xij i=1l, m+l; j=1, n+l
Y..=0 or 1 i=1l, mtl; j=1. nt+l

which expresses the following concepts:

1. The objective 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 1s a common type of cransportation problem
I'nown as the assignment probiem. 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 sonlution will be used to select the correlation
pairing:. Simulations have shown that in virtually all cases the lbest first
approximation and the final solution are identical. 1In 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. Theun 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 veady to correlate, the resolution process
begins; otherwise, all tracks and targets are flagged for carry over to the
next scctor (see Section 7.3). 1f correlation is to continuc, 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. Tigurc
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 associatvion partner. Then
these two entities are eliminated from the group, and the next track (or
target) is picked. The selection process utilizes targefs if therce are fewer
reports than tracks, and tracks otherwise. By working on the mincrity 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 ¢xtrancous 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 1s chosen next to correlave is the one that has the most
to lose by not getting its first choice, To perform the selection, the
difference in score betwecen the lowest two Nuallty Scores in each remaining
row is computed. The row with the largest such difference is the one selected.
If a tie exists between two rows, the Deviation Scores for the entries in
cach 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 (Deviatinn 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
made, The proucess terminates when all rows have been clivseinn or when the
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 resclation of a sample situation is 1llustrated 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.,K Since row 2
has the largest difference, track 2 is selected, and it czorrelates with
target 3. The vevised matrix for the next step is shown in part (b) of the
figure. Rows 1 and 3 have equal differences, so Deviation Scores are required.
When they are employed, row 1 is selected, and track 1 correlates with target
1. Finally, track 3 is last to be selected, and 1t correlates with target 4.
It should be clear that this resoluticn in fact vas the optimum one.
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0y
X = track
X X 0 = report
1 The— 02 _— {\\\b - = association
/ 3
X4

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 Assoclation Matrix
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Initial Quality Score Matrix:

/
T~
e

01 O? O"l OA

X 00 50 10 20
X

2 50 21 00 20

X, 20 50 10 00

[ATC-65(7-10a) |

X = track

0 = report

- = Association
Al = 10 - 00 = 10
A, =120-0c0 =20
A3 =10 - 00 = 10

(for simplicity, only 1st 2 octal digits of each quality score arve

shoun; others are zero)

A2 1s largest, thus track 2 chooses first.

X2 -0

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

Figure 7-1Qa: Intertwined Example
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Matrix after X2 - O3 correlation:

0 0 0 0

1 2 3 4
Xy 00 50 50 20
X, 50 50 50 50
Xy 20 50 50 00

element.

Then track 1 chooses first, and selects report 1,

Matrix after Xl - 0l correlation:
0, 0, | 0, 0,
X, 50 50 50 50 4
. A
X, 50 50 50 50
Xy 50 50 50 00 A

Track 3 chooses report 4

Figure 7-10b: Conclusion of Intertwined Example
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20 - 00
50 ~ 50
20 - 00

Al and A3 are tied, neced Deviation Scores to decide who chooses first.

50 - 50
50 - 50
50 - 00

Assume A, is larger than A3 after Deviation Scores arc added to ecach matrix

»

®

1

00

20

00

00



For comparison, this example 1s 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 ass¢clating track, and thus had the most to lose, 1In
fact, fruit reports {or tracks) will often have only one association., By
selecting minority entities, the problem of improper correlations due to
fruir shouid be minimized.

After the sct 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 mon 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
reduces to the following comparison:

Qup * Qg vs- Qp + @y

If the first Quality Score sum is smaller, track 1 is correlated to target 1
and track 2 to target ?, 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
wmade directly. However, non-2 or 2 cases are so rare that the additicnal
code to handlc auy oiher special case wouldn't be justified.




Initial Quality Score Matrix (refer to Figure 7-10 (a)):

1 2 3 4
X

1 00 50 10 20
X, 50 21 00 20
X

3 20 50 10 00

a, = 20 A, = 27 A3 = 10 A/4 = 20

ecror! JpTc-65(7-11)

Figure 7-11: Redone Intertwined Example
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8.0 TRACK INITIATION

ATCRBS tracks are automatically initiated when a pair of uncorrelated
reports are found on successive gcans that appear to have come from the same
aircraft. These reports, to satisfy this criterion, must agree or potentially
agree on both ideatity code and altitude. 1In 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 ailrcraft 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 suab-
sequent scan rcports,

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 rore than one track is
created with the 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 correspouding Lo the real aircrafrt is identified (one revort
can only correspond to one aircraft), the other tracks are immediately droupped
without having been declared in the system ocutput.

8.1 Uncorrelated Target Buffer

Entries for all active uncorrelated reports are stored in the uncorrelated
target buffer. Each entry contains the range, azimuth, identity code and
code confidence, and aititude, 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. 1In addition., as explained below, this lipnking provides an casy
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 1s 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 1f it were very close to the sensor. Thus, the oldest reguired
uncorrelated target will be two scans old, computed as follows:
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Figure 8-1: Uncorrelated Target Buffer
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0.5 scan -~ delay period for current report

1.0 scan = search wiundow center relative to current report position
0.5 scan . .

- — earliest edge of search windew relative to the center
2.0 scans

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

The linked list pointers are thus used in a circular manner. 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
sector.,

A separate linked list ties teogether all available slots in the buffer.
When new reports are added to the buffer, the slots at the head of this list
are utilized. The list is updated after every sector by adding to it the
slots of all entries no longer required, namely those that are iwo scans old.
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; correlacion
delays cause the set of uncorrelated targets for a sector to arrive piecemeal
over a span of several sectors,

The final pointer asscciated with the buffer references the root linkage
pointer for the current sector. This variable is required to indicate which
cf the two pointers for thbe 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 number of sectors of delay. This search procedure is discussed

further in Section 8.3.

8,2 Track Initiation Criteria

The track initiation process attempts to locate pairs of qualified
uncorrelated reports with which te 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, each
under 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
tor tracking continuity during fades without overlecading the system, an
uncorrelated l-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 l-hit reports are not created, reports formed by fruit replies
will generallvy 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). Whether ar 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 s, 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 suppreszed, 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 initlated 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 rcports 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 arxe defined
for this purpose, one corresponding to "normal' aircraft and one for unusual
aircraft (military jets, SST'S, ete.). 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: bap < Gpsmall
and pAS < 6psmall
: <

Zone 3 Ap < Gplarge
and pAB < ﬁplarge

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
a2 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 Ah 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:

Zorie stays the same if:

AC < %AC

< 1
ah < ﬁAhmax

max

Zone increases by 1 if:

AC < AC ,
- max

bh < Ah
- max

and above conditions failed
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If AC > AC or Ah > 4b , or if the final zone is 4, the palr is rejected
N R [ax rack™E L Liati
as a candidate for track initiation.

Thus, there are three categories of candidate track Inltiation pairs
that are acceptable, Those target pairs in zone 1 fall withino the normal
geometric box relative to cach other and agree on both identity cede and
altitude, those in zone 2 also fall within the small box but only potentially
agree on either code or altitude, aad those in zune 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 Inititaticn Algorithm

After target to track correlation is completed, ecach target report in
the sector list is examined in order. If the report was correlated, it is
passcd 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 uncorreriated. 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 scanr must be examined in order to locate potential pairing reports.
Denote the curcrent sector by S  , and let 8 and p be the azimuth and
range respectively of the currgﬁkrteport. The§i the séctor in which this
report was created is given by

t
C

Y
sect

where § is the size of a sector and integer dlvisioun is assumed. S will
sect .

equal S if the report was not delayed by the correlation process. _&hus,

1f ther&“dfe NS sectors in a scan, the center of the search region.occurs NS+

(5 =S ) sectors priov to the present one, Since a pointer in the uncorrela-

teﬁuggpo§t buffer references the current sector linked list, the linked lict

for the search center is obtained by decrementing this value (in a circular

fashion) the required amount. Finally, the unumber ¢f linked lists on either

side of the search center that must be processed is given by:
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Figure 8-3: Track Initiatior Process

142

“




_ Spg .
a8 = Min 4N (panl —_laree | /o +1

n
-4 t
2 ’ OC plar83 sec

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

Each previous scan uncorrelated rcport 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 porential reports have bheen
examined, tne 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 relected.

If no pairing report was located during the search, che curreat report
is entered into the uncorrelatec report buffer and linked onto the proper
sector list., It will then be available fer pairing with uncorrelaced 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 sugpect, the repert
will also be entered into the buffer. This will permit the formation next
scan oi the correct track for rhe report if in fact the revort 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 intc 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 currant report to form tracks. Since any
one report can only correspound to one aircraft, it is clear that in such
cases extraneous tracks have been formed. Although the proper track of the

set 1s not known at initiation time, it will become evident on a subsequent
scan. This is because only the real one will be correlated on future scans
{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 1is composed of
the following rules:

1. If & current uncorrelated report initiates more than one track, by
palring with more thar 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,

143




. Sector boundary

\ \w”

%

- Gplarge

X

Thr 65 (8-4) |

= search center
range = p

Maximum number of sectorsrequired prier to center sector is thus:

AS -0 rounded up to next integer, which occurs if search

sect
center is just at sector's left border.

Figure 8-4: Track Initiation Search Extent

144

e —



2. If a current uncorrelated report initiates only one track, and it
is zone 1 or 2, the previous scan report 1s made aware of this
track, If that report is already aware of other reports it has
formed, the 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 be
avallable 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 seleccting
the above rules over other possible sets were designer preference and imple-
mentation simplicity.

The ficld 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 z.e entered.

Tirmnal

1r
TINGA LY

must be entered into the discrete code array. Chapter 5 presented the method
to be followed in such a case.

if the new track hag a discrete 4096 identicy code, the traclk

________ b, ode, Lac
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Figure 8-5: Track Linkag: Examples
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Track File Entry:

Fre-sE (58]

0 a4 7,8 11,12 15 16 19,20 23,24 27, 28 31
v T 1 T -1 Li =
Range Azimuth
¢fficial Code Official Confidence
Altitude
Altitude Miss Altitude Confidence Altitude
Count Type
Special Purpose Bits Firnness History Corvelating
Firmness Report #
Range Rate Azimuth Rate
Ground Range Ground Range Altitude
Code
Last Code Miss Last Confidence Turning
Count State
irack Life Gone Count Track Number _J

Initial Settings:
(Rl = previous scan report, R, = current scan report)

Range and Azimuth: those of R

Official Code and Confidence: “those of R

Altitude, Confidence,and Type: those of hl

Altitude Miss Count: O

Special Purpose Bits: according to track type (see page 2)
Firmness: 3

History Firmness: 1

Correlating Report #: numbey of Rz

Range and Azimuth Rates: O

Ground Range Altitude: computed from Altitude

Ground Range: computed from Range and Ground Range Altitude
Last Code and Confidence: thuse of Rl

Code Miss Count: O

Turuing State: 0

Track Life: 1

Cone of Silence Count: O

Track File Entry Format (1 of 2)

Figure 8-6:
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Special Bits

No. of Bits Bit = 1 if Reference Seccrion

1 Test Track -

1 Radar-only track 11.3
00 = track not dropped

2 01 = track dropped due to misses 3.5
10 = track dropped in cone of silence :
11 = track aropped due tc linkage
00 = track real

2 01 = track possibly false type I 10.2

’ 10 = track possibly false type II '

11 = track false

1 Track processed through correlation 7.3

1 Track coasted 9.5

1 Track hzs perfect association 6.2

1 Track updated by radar 11.2
G0 = p,8 tracking used

2 {Cl = 5,8 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-b: Track File Entry Format (2 of 2)
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9.0 TRACK UPDATL

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 tc the new data provided by that report. This report, in
turu, will then be improved by using the many scan composite information
availalle in the track file. Uncorrelated tracks, on the other hand, are
merely ccasted 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 o, 0 coordinates.
This type oi tracker, known as a 2-point interpolator or an a=1l, B=1 oB
tracker, is sufficiently accurate for the short range predictious required
for target to track correlations. Conflict detection or other long range
estimation would of course require a more sophisticaied tracking algorithm.

A very rudimeatary 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, 8
coordinate system is too severe to be ignored. Thus, second order p, ©
tracking (using accelerations) is employed at short ranges, and x, y tracking
is used in the region surrounding the sensor. Since the latter type of
tracking requires time-consuming coordinate conversion, it is only used where
all forms of p, O tracking are inadequate.

After a track is predicted ahead to the next scan, the sectors in which
it will attempt to correlate 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 time, The track will continue to move from sector to sector until it
elither correlates or arrives at the end of its search.

Figure 9-~1 presents in flowchart form the series of operations that are
rmcd on each track on rhe current sector's linked list, The remaining

¥
sections wlll present the detailed descriptions of each operation.

9.1 Track Ccde 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
alrcraft 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 parametri: value, the
new code replaces the previous official code in the file,




start

I

Determine whether next track in sector is to pe updated
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No More
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Drop track
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Figure 8-1: Track Update Overview
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The [irst 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
i1s contained in the score of the target/track association. As defined in
Section 6.2, the zone-code value of the assocliation is found as:

association score

Ah + 1
max

zone-code =

using integer division. The report and track codes agree, or potentially
agree, if the zone-code result is 1, 2, or 5, 1f any of these values is
cbtained, the official code is 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 the
track or target code was high confidence in that pesition, except that a low
confidence '1' is created if both were high confidence and they disagreed
(potential agreement implies lests than a parametric number of such instances).
Hopefully, the track code will become totally high confidence through this
procedure even if the aircraft is continually garbled. The equations used

~or
AL

* rr.rktht + CtrkFtrk tgttht * CtrkFtrkCtgttht

where C and F are the new official code and code confidence values for the
track. hese 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
comparlson calculation for target to track association. To review, the
following syndrome sequence is compured:

5= (Clast ® Ctgt) v Flast v tht

1f ||s|| < P, that is, if tewer than P 'l's ave in the syndrome, agreement is
said to exist. 1In such a case, Lhe 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 repiace the last
reported codc and confidence entries in the track file, and the code counter
is set to one. In this situation, or in the previous one of target agrecement
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 Update

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 woxrd is
kept in flight levels (100's of feet) if all bits are declared with high
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 aivceraft, 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 Jlevel
In the first case, the current altitude is set tc 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 sct 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
altitude level known with certainty. 1f 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 repcrt 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 zevo 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, ithe couunter Jecrements one unit for each scan 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 viurious 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 Update

ATCRRS reports are expressed in a p, 6 coordinate system. Target to
track correlation is performed using p and 06 values. Thus, the system would
perform much more efficiently 1f tracking were also performed in p, 6,
eliminating many otherwise useless coordinate conversions to and from x,y.
The problem with this approach, of course, is that a p, 8 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 o
velocities is quite good. Figure 9-2 indicates the magnitude of the one-scan
p, ® 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, 6 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 cf, utilizes
th2 following equations:

= + -
P smooth ppred OL(ptgt ppred)
esmooth - 6pred + 0L(et:gt:—epred)
¢ = p + 26, -0 )
smooth pred £ tgt “pred

= -6 )

B
esmooth 9pred + f' tgt “pred

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

Larger values of o 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 o and R are often varied during the life of a
particular track as a function of the toasts and maneuvers of the aircraft
under track,

The present ATCRBS implementation has both o and 8 set to unity, thereby
producing a tracker known as a two-point interpolator. This name is indica-
tive of that fact that these values of o 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
reasous: 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
sufficlently 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
beamsplirting, The errors inherent ip 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:

3 + 0
0" _ _tgt pred
tgt 2

befere smoothing is performed. This action is equivalent to using a setting
of 1/2 for a and 8, giving equal weight to the data and the prediction.

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

To prevent such a catastrophic occurrence, smoothing beyond the track's
zone 1 association box (refer to Section 6,2) ic not permitted for well-
behaved tracks. Tracks subtject to this rule are defined as follows:

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

2. The last correlating target report {on scan n-1) fell within the
box 1 association region of the track.

3. The current correlating report, on scan n, falls outside of the box
1 region in either p or 6 (or both).

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

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

2. An entry is made in the turning state field of the track file (sce
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 swmoothing 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+l fall outside of the box in the opposite direction from
the one on scan n, however, actions 1l and 2 above are again taken, and the
new direction of deviation is recorded. To summarize, smoothing of a con-
tinuously correlacing track beyond the boundaries of its zone 1 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 points 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 gsuch cases, data points tend to
oscillate in azimuth. Since successive points then 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 repurt. This
operation is quite straightforward once the time until the reception of that
report is known., For aircr2ft not near the sensor, such as those for which
p, 9 tracking is being utilized, this interval is almost exactly the time ot
one antenna revolution independent of the aircraft's tangential velocity.
Thus, the new track predicted positien is given simply as:

P =P

+ 0
pred smooth | " smooth

6 R
pred smooth smooth

The final track file fields that require updating are the firmness f,
history firmness g, and the track life. The first {wo 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 velue of £ is 1. 11 the
usual case, the new value for g is simply the previous value of f£. However,
if the track has just completed a coast through tlie 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 couvuts the number or reports in the track history, is
simply incremented.

9.4 Short-range Position and Velocity Update

When an alrcrait flies near the seasor, the errors ipnherent ia simple o,
0 tracking become sufficiently large that target to track correlation could
no longer be supported. Thus, an improved method of tracking iIs required.
Two aiternative methods are possible: second (or higher) order p, 6 tracking
and coordinate ccnverted x, y tracking. Both of these metheds are utilized
in the DABS system,
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By introducing the acceleration terms p and ¢ into the projection equa-
tions, much of th¢ error inherent in simple p, ® tracking can be corrected,
The new ¢quations then become:

- 2
. T
= + A -
opred Psmooth © Psmooth * °© psmooth * 2
. - T2
= + + —
6pred esmooth esmooth T esmooth 72

where T is the time until the nexi target report 1s expected. The calculation
of this Interval, which can no longer be assumed to he 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, 6 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, 6 tracking.

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

. .2
= * 0
P psmooth smooth

= =24 * 0
0 2psmooth 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 veleocity can no longer be ignored. That is, its time
betweer updates can be sufficiently ditferent from the scan period to atfect
the prediction accuracy if 1=]1 were assumed. Hcwever, 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 't is given
approximately by:

T = e 8 in radians/scan
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For aircraft very close to the sensor, no form of p, 8 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 nced 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 and 6., These latter velocities can be calculated
whenever required as:

p-H._i_Xl

T
1
*
e

I
x
©
I
ol
N
i
=
L

The initial conversions from p, 6 to x, y coordinates are given by:

X =p sind

¥y = p Ccosh
4 g

2
pgnd

9 X%Q,, - %
ognd

The flrst action of the x, y track update process is the conversion of
the iarget report coordinates:

/fi 2 L
= - A g
xtgt ptgt h sin btgt
VR
= - T ok
Yege = "Pege TP F 08 Oy

where h is the internal track altitude {(or the default value 1f 1its altitude
is unknown). Track smoothing is then carried out in the same manner as for
p, 8 tracking, namely:
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)

a(x

= + -
xsmooth xpred tgt xpred

Ysmooth ~ pred T G(ytgt-ypred)

8 (x )

= + — -
xsmooth xpred f gt xpred

e . B
ysmooth ypred f(ytgt ypred)

Once again, the values of a=l and B=1 have been assumed at this point in the
design validation process.

The two special cases of smoothing discussed above also appiy for x, ¥y
tracking, although suitable modifications are required. In particular, if
the target repotrt has only a boresight azimuth, this value 1is smoothed prior
to caonversion in the following manner:

6- - E}gt + 0Rred
tgt 2z

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 zoge
1 association box, For x, y tracking, this box is assumed to be of size o

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 prejected ahead to the next
expected update position in the following manner:

.
o

X = X + x =
pred smooth smooth

y

ypred " Y smooth * smooth

where the value of T is computed as described below. Finally, the predicted
values of p and 6 corresponding to this position, required for target to
track corrclation, are determined by:

2 2 2

ppred xpred * ypred *h
8 = tan "l (x /v )
pred pred’ “pred

(
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The values of p and © are not required unless the new ground range of the
track places it sufficiently far from the sensor that p, 0 tracking will be
employed on the next scan., In that case, they are computed as follows:

* + *
; - fp;ed %prud ypred 333351
2d
pre ppred
* x - * v
H - aned ?prcd *pred~__jp£gg
pred 2

)
pred
and placed in the track file, replacing the values of x and §.

When an aircraft is so close to the sensor that x, y tracking 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 occurring 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 flgurec.

To compute an accurate value for 1, the update interval, not only can
the aircraft tangential velocity not be ignored, but it cannot cven be assumed
to be constant as was done above, Instead, the exact relationship shown in
Figure 9-8 must be employed:

, .
xo xo + xOI
arctan ;—- + 21(v-1) = arctan -

[¢] + T
Yo Yo

where X s yo = smoothed position of current update

X , ¥y = track velocities
o o
1 = update interval (to be found)

Simplifying this result:

*s * Xot {xo
tan [2w{7-1)] = tan |arctan | ——— | - arctan \‘"
+ T a

Yo Yo
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ths

tan (2nt1) = ————
1+ (/o)1

where © and 5 are calculated as indicated earlier from x, y, x, and y.
Since the tangent 1s a multiple valued function, the general solution must be
written as:

BT

— R=20,1, ...

T = % + —l arctan N
1+ (p/p)t

2n

The correct value of R te use for a specific track can be determined by
approximating 7. Once R is chosen, 1 can be determined through iteration.
Figure 9-9 shows how to determine R, while Figure 9-10 presents the detailed
method for computing 1 in all cases.

9.5 Updating a Coasted Track

If a track fails to receive a correlating target report on the curreat
scan, it must either have 1its 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 failures, althuvugh
this rule 1is 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 (vefer 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 develcped
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-

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:

< h * tan 0
ppred =8 tan cone

where © is a parametcr
cone
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no target reports ire expected. Thus, to permit the track to coast through
this region and be available fer correlation when the aircraft reappears on
the other side, the value of the track firmness f is not incremented. Since
I 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 f{ile, and this
valuc is added to the firmmness 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 cthe 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 reach the proper value,
the track is dropped. 1If the track correlates after leaving the cone of
silence, however, the firmness is reset to 1 while the track history firmness
g is set as follows:

g = min {f + cone count, max f}
where cone count = number of coasts 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, 1ts predicted position musi be updated. S.once no correlating
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, 6,
improved p, 0, or x, y coordinates depending upen the ground range of the
track.

9.6 Sector Update

Every track resident on the curzent sector's list, whether or not ics
track file is being updated 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 vaviable asso-
ciated with each track. The set of possible valuvs for the flag, and the
interpretation of each one, is presented in Figure 9-11.

Te review, a track begins its activity in the first sector in which an
associating target report could be found. The track then moves from sector
to sector until it either tinds a correlating report or reaches the last
sector in vwhich such a report could exist, When either event occurs, the
target to track correlation process sets the track flag te zero. This
setting signals track update that the time to rrocess the track file has
arrived.
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For cach track updated in the current scctor, the program must determine
the following three piecces of information:

1. The sector in which the track should first appear on the next scan
2. The flag setting the track should have at that time
3. Whether the track should be active cr inactive

An active track in a sector is one that participates in the target to track
correlation and track update precesses, while an ingcetive track is ignored by
both processes. This latter deslgnation of track is required when a track is
projected across a sector boundary. Assume, for example, 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 immediately placed on the list for sector
S. If it were not wmade inactive, it would attempt to correlate again in the
very next scctor, 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 tracl update after sector processing is concluded,
which makes them available for correlation on the next scan.

The first scctor in which an updated track can find an associating
report on the next scan is determinad by the extent of its zone 3 asscciation
box (refer to Section 6.2 for its definition). This box is bounded as
follows (refer to Figure 9-12):

——

N
min \ pred

I A

n < () -+ 13> =
2 \Pprea 7t Ymax

(b + 6%) 6
pred max

A
I

o . = (0 - 03)
min \ pred

'ifHﬁ;;;miéwiéSQMEhEﬁ*EQF6:MEHE”asSOCia616h”Bbi"3666f§"thé‘ééhéér, and an
associating report could be found in any sector. To prevent uiending searches,
and unacceptably long data rveporting delays, a parameter Aqu controls the
number cf sectors on either side of the predicted one in whiéﬁ a track may
search. Thus, the first sector into which the newly updated track is placed

is given by:

. min
S.. = Max {S ~ AS e 4-1!
first pred max’ 0

sector y

vhere © is the azimuth extent of a sector and integer division is
sector
assumed’,
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. This sector computation, and all others presented below, assumes arith-
metic modulo N the number of sectors in a scan. For example, if

cctop’ | . .
=32, thgﬁca {yplcal subtraction might be:
sector

|
which says that scctor 4 comes 9 sectors later than sector 27. Similarly, ‘
scctor 2 is '"bigger" than sector 28 in the maximization,
If S irst is less than § rod? which occurs when t. . association box
crosses tgc Téfe boundary of gecgor S » the initial flag for the track

\
becomes 10 + § , as indicated in Firuce S-11. No further computations are

pred & ‘
required, |

If, however, the edge of the association box is contained within tho !
predicted sector, which is the normal case for distant aircraft, the first
sector and the predicted sector are one and the same. Then, the last scctor

in which the track can search must be calculated in order to set the track
flag. This sector is given by:

B
. ma X
= ) < + A8 — 4
: Slast Min pred Abmax’ G
sector
If G ie larger than S » the track flag is set to 74 + g , while if
%ast‘ ) \ Ereq ; %?s _
the two sectors are identfes » the flag setting hbecomes 139. 1Is latter

valne is used to indicate that the

track has reached the ¢nd of the line, and
herce should be correlated at once

Once the destination sector for the uodared track. is known, its status-————-————— —
in that secter, active or inaciive, can be determined. If the predicted next 7
scan sector for the track, § » Preceeds or equals its current scan predicted
sector, §° y the track is gﬁfgnmtically made active. Otherwise, if the
track hasPh&Ved clockwise, the number of sectors from the current sector ta
the next scan destination one must be computed:

< = 3 -7 - - N - -
“move NS (bcurr bpred) (Sprcd “first) * (Spred Spred) {

where ecach parenthetical subtraction is modulo N_.

becomes:  the track should be made ac-ive if AS S

move
AS > N,
. move S

The rule then simply
< N. and inactive if
- be




Active tracks in the current sector that were not updated, because their
corrclation 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 sector (sec Figure 9-13). Failure
to observe this rule will lead tc incorrect associations in that sector since
the algorithm presented in Section 6~5 assumes no track can be further down
in the list for omne sector than it was in the previous sector.

Besides moving these tracks to the next sector, track update must cbmpute
the new flag settings for each such track, All cases that could arise 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

i - . red
S ast for the track. In the former case, Sl ¢ 1s computed and the PE&CK
fiag set as described above, while in the la%ger case the flag is sert to 138.

The sector Slast is given by:

. - +
slast Spred Asmax . if Pmin <0
5 emax
= Max <8 red + Asmax’ 6"~L——~ + 1 otherwise
Q P sector

All tracks moved to the next sector are automatically made active.

The final action of track update, as mentioned earlier, is to convert
the status of all inactive tracks in the sector to active, These tracks are
left in the l1list for the current sector, and their flag settings are not
changed. Then, when the same sector arrives on the ncxt scan, they are ready
to begin the association, correlation, and track update sequence,
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Track n l

Then, if tracks i aud ¢ are both moved to the next sector, the sector linkage for
Section S+1 becomes:

Sector §+1

Puinter N
L

Head

Moved tracks are placed Track i I‘—'
at head of Jist, and l___.___. —
in same order (1 before q‘

¢) as in previcus

seetor, Track ¢ l t : ]

Track h |_ t —
Track m I I:
Track j [ - : t—m—-

Figure 9~-13: Track Moving Rule
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Figure 9-14;

Flag Assigned for
Next Scctor (S + 1)

74 + Slast if §

139 if blast f

10 + (8 + 1)

139

74 + (5 + i)
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last

#£8+1

S+ 1
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No change
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Track Flag Update Rules
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. 10.0  TFALSE ALARM TARGET REPORTS

1t is unfortunate that in any ATCRBS system some of the target reports
created by reply correlation do not correspond to the position of real air-
craft.  The main categories of such false alarm reports aru:

1. False targets
2. Fruit targets
3. Split targets
4. Ringaround targets

Various algorithms are included in the surveillance processing functions
which artempt to either mark these reports as false or eliminate them from
the system cutput stream. This chapter will discuss both the identification
and disposition algorithms for each type of false alarm report.

False targets arc generally caused by the reflection of aircraft responses
off buildings, hangars, or other structures near the sensor, thereby causing
an apparent airvcraft position behind the reflector.

of the reflector,

Depending upon the size
such false targeis may persist for several scans and initiate
false tracks. Since the rellection 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-
cesging is that due to ground reflectior.. This mechanism produces two reports
at about the same azimuth, one (the reflected one) at greater range than the
other.  The discrete correlation process declares such a situation whenever
two reports with the same discrete code are found 7in the same sector (refer
to Chapter 5). Cascs of non-discrete ground reflection false targets can not
be identified in this system as two aircrafit with the same non-discrete code
in the same azimuth sector are quite common.

A fruit reply resuits when an aircraft reply sent in respouse to an
interrogation from another sensor is received at the local sensor. Since the
interrogation times of the two sen: »rs are different, the local semnsor will
compute an incorrect range for tl. aircraft based on the assumed turn-arounid
time from its own interrogation time. By design, the repetition rate of any
twe sensors in an area is different, and thus successive fruit replics from
the same aircraft due to the same interrogator will not agree on range when
processed by the local sensor, and thus not be correlated.
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_false target situations are rotated 1nt0 ;nL rlrst quaurdnL. The conversions
required for each ‘quadrant shift are: o

However, it is possible for two fruit replies from diffcrent aircrafte,
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 wore common types of splits
have easily recognized characteristics that permit them to be identified and
thken discarded. Fiunally, 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 frilure of the antenna patterns in that
region. As with other false alarm r. ports, 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 6 and range p are contained in the suspect

target report, while the reflector distance d and ovientation angle ¢ arc
parameters that have been fed into the surveillance processing program. The
unknown values that must be calculated are thus the range p” and azimuth 87
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 p” and 07, all candidate

>

0 =8 - 90°

»

o= ¢ - 90°%; 1f ¢ < 180°, $>=$-5180°

where the second step for ¢ guarantees that 1800 < ¢ < 360° as required for
the computations. The set of equations that are used to compute 67 and p~
are presented in Figure 10-2.

Once the position of the alleged real aircraft has been found, the next
ste> 1s to examine the existing system tracks located near that spot to
deternine whether thevre 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., 7This table, illustrated in Vigure 10-3, uses once word

per bin to identify the first track in the bin, and then links together all
subsequent tracks in that bin througb peinters. Every time a new track is

initiated, an entry is created for it in the proper bin, determined by:

P -
= _gnd + 1 (integef division)
Ap
bin

where p is the predicted ground rauge of the track and Ap, . 135 the extent
of a soft bin. Therealter, cach time the track is updated, Tt8 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 altitudc
agree perfectly with the report. Unfertunately, this ideal state is often
not encountered, Since no reflecting surface is perfectly flat, 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, vne or morve bit differences could exisl between the cuode or altitude of
the report and that of the real aircraft. In some cases, in 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
algorirhm. T[ too tight a match is required between candidate report and
existing track, actual false targets would often be called real. On the
other hand, too loose a match could result in real targets being labelled
false. This problem has heen resolved by defining two sets of match criteria.

A candidate target will be calied false 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 Teport

itself:
{a) Lbp < 6ptight
e Q
(b) AB < § tight
(¢) AC =0
. {d) &h < lAh
-2 max

4C and AL are computed in the same manner as for target to track association
(refer teo Sccetion 6.2).
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If the report has a discrate 4096 code, and a track is found with the
same discrete code, a higher degree of contidence exists that the target is
irdeed false. Thus, for this special case, the set of false conditicns 1is
loosensd as follows:

(a) o idp1oose

(b} A8 < M)loose

{c) samc discrete coa

(d) ah < b

The sccond type of match that can occur is called possibly false. This
occurs when no track 1s found for the report that satisfies the false condl-
tions listed above, but a track exicgts that meels the following looser condi-
tions rclarive to the report:

(a) Ap < &p

loose

(b) A0 < 1 .
- QOse

(c) acC = Acmax

(d) Ah < Ah
et max

The interpretation and use of targets labelled possibly false wili be given
in the next section.

10.2 False Track Algorithm

False targets, particularly those due to majiocr reflectors, tend to
persist for a larg~ number of scans. This fact, combined with the ¢itficulty
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 the controller's screem during a false target
sequence, In a particularly bad case, several real tracks could even start
and drop durinz the sequence. This would occur because those targets that
were not positively identified as falsce would have to be called real, used in
surveillarce processing, and oui,ut to ATC.

In order to prevent such situaticus, false target reports are specially
marked when identified but are not eliminated from the surveillance processing
algorithms. Instead, thesc reports are permitted to initiate false tracks
and to correlate to existliny onies. Then, should du unsure report courrelate
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to a false track, the report may be labelled 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.

1f a false track were incorrectly called real, some inconvenicnce might
result if pilots were ordered to avoid a nonexistent aircraft. On the other
hand, if a real track were te 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 ATC facilities. In addition, once a track is
called real by surveillance prucessing (as opposed to uncertain), it will not
be permitted to convert to false at any future time. This latter condition,
in addition te providing system safety, helps to cut down considerably the
execution time of the system; over 90% of all targets will coirelate 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
categorics: 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 imape test. Reports that fail the zone test are labelled real, while
those passing it enter the image test for final status determination.

The zone test checks to sce whether or not 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 tiw2 rector, starting with the known first one. If the report azimuth
falls within the reflector wedge, the test is passed; if the report azimuth
is less than the starting azimuth of the reflector, the test is failed (due
to reflector ordering); otherwise, the next reflecteor is considered and the
test continues.

Targets passing the zone test are uext subjected te the image 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 previous section for the
criteria used for this decision,

Since the image test is searching for a track, a complication can arise
if the false targets and real targets due to an aircratt begin on the same
scan or adjacent scans. In such a situation, the first falsc target would
have to be labelled real, as no track would yet exist for tie aircrafc. To
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prevent such an incorrect decision, the following modification has been
adopted: no uncorrelated report that passes the zone tast can be called real
due to failing the image test; instead, it is labelled possibly falsc.

Should such a report initiste a track, and a report that correlates to this
track be labelled real, the decision is accepted and the track called real.
By this time, of course, the real track for the aircraft would already exist
and failure of the image test would constitute acce=ptable proof.

Surveillance processing recognizes four modes ¢f tracks with respect to
falseness: veal, possibly false type I, possibly false type 11, and false.
The state diagram that defines these carvegoriecs is presented in Figure 10-4.
The circles represent the modes, while the arrows speciiy the transitions
that occur when the status of the correlating target reports arce determined.
For example, a possibly false type 1 track that correlated with a false
targel becomes possibly false type TL.  An examinatica of the diagram reveals
that the following rulegs apply:

1. A track that is initiated with a real reporty, or ever corelates
te a real report, is real forever after.

2. A track is false only if two or more of its reports (dnitiacion
. e, N
ones or correlating ones) are definitely d.rlared to be false.

3. Until a

-t

JPUOLONE

ok is declared false, possibly false reports merely

£ T B T
1iidlr OeCisioin.

SFOCT

To the ovtside world, a possibly false trazck aid its correlating reports
are both labelled real. Thus, the possibly false category serves as a holding
action by permitting a track to eventually be label'ed falsc when enough
¢vidence 1is gathered. If this category ald not exist, suspect reports would
have to be called real, and hence many false track: would be misiabelled.

One modification to the state diagram should de weitioned: if a track is
sti1l in a possibly false state after 10 reports, it is converted to real.
This is done to prevent a track being followed ty ATC from suddenly dronping
out of sight,

For the most part, false tracks are processed exactly the same as real
tracks by the c¢orrelation algorithms, The main difference, of course, is
that reports correlating to false or possibly false tracks must be checked by
the false target ruutine, 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: 1f 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™™*This rule has proven itself empirically.
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10,3 Fruit Reports

The second category of false alarm report is that caused by fruit replies.
Gencrally, the minimum number of replies in a report is set at two (with only
mode A and ¢ replies being counted), so that fruit reports occur when two or
more {ruit replies coincidentally 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
replies are declared as reports to improve round reliability during fades, the
large majority of such replices will still be fruit., Thus, to preveat these
replies from causing tracking errors, l-hit reports arce treated with suspiclon
in several places in surveillance processing. In particular, the following
actions described elsewhere in this paper fall into this class:

1. The association zone of a l-hit report association is increased by
4 one over the calculated value (and thus a l-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 report is not permitted to correlate with a aot yet estab-
lished frack (i.e., one who has not yet existed for 5 scans).

4. Arn 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 insure 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 extrancous
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 oI operation, with 1-hit reports suppressed, fruit
targets are formed only when two or more fruit replies corrclate 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 ovder for two fruit replies to correlate, they must closely agr.: on
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 find a correlating reply tor a truit are those adjacent to
jts sweep (due to the azimuth corrclation requirement).  Since adjacent
non-mode 2 sweeps are of opposite mode, this reintorcees the cenclusion that
fruit reports are of type A/C. The actual fraction of all fruit reports that
are A/C is given by:

L= =g by

where N is the runlength and P, is the probability of code agreement.  Thus,
for typical values, over 907 0? all {fruit reports have one reply of each mode.

The method required to eliminate fruit targets is thus quite obvious. 1f
a report consists of 1 mode A and 1 mode € reply (the number of mode 2 replies
irrelevent), 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 aud non-discrete correl-tion algorithms relative
to multiple hit reports. If radar information is available to the system,
this requirement 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 remaining 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 with only mode ¢
replies, however, are virtually never due to real aircraft. Thus, reports of
this type should alse be eliminated when uncorrelated (and unreinforced).

10.4 Split Reports

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, however, 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

l:'
1 review tho various methods that surveillance

y and eliminate various types of splits.

reports. This section wi

1
processing uses to identif

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 ervor that leads to range
splits rather than c¢onstant bias errors is an out-of-spec intermode delay
variaticn. Such an occurrence will lead to mode A replies having a different
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perceived range than mode € replics.  Then two reports will be declared, ceach
contaioing only one mode. The first function of surveillance processing, as
cxplained in Scction 5,1, is to scarch for pairs of such single mode reports
that correlate on azimuth. Whenever a pair is found, the two reports are
reconstructed into one,

There are two mechanisms that can cause che reply processer to declare
some replies in a scequence with the improper -zimuth, one random and 2ne
systematic. Random azimuth errors occur whber interference on the retfercnce
pulse causes the monopulse to be read incorr.otly.  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 fruicg.

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 for 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 1n the center or other
edge. If tailing causes one reply to not correlate, it will be oliminated as
fruit. 1f two successive replies correlate with ecach other but not with the
remainder, they will form a 2-hit A/C report which will be eliminated as a
fruit report (as described in Section 10.3). No case of tailing cver encoun-
tered has resulted in the creation ot two reporrs, edch having thiree or more
replies,

In order for two replies of the same mode to cerrelate, they must agree
in all mutually high confidence bits. Thus if the reply prcceessor 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
sccond group with those of the first. Although the attempt will fail due to
the code diff.rence, the range and azimuth tests will be passed. This will
result, as explained in Section 4.6, in cach report being marked as a code
swap candidate. If the code swap occcurs during association. 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 initiation. 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 Reports

A sensor antenna, being highly directional in nature, transmits most of
its interrogation energy through its narrow mainbeam. However, an aircraflt
sufficiently close to the sensor, even though it is located in an antenna
sideclobe, can still receive enough energy from an interrogaticn to pass its
transponder threshold. Furthermore, were such an aircraft to respond to the
sidelobe interrogation, its reply, even though received through the same
sidelcbe, would be strong enough 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 acceptance of sidelobe replies, a sensor is
cquipped with an omni antenna. An aircraft can then distinguish mainbeam
interrogations from sidclobe 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 replics received
more strongly by the omni antenna. Thus, airceraft can be preveated from
rzsponding to sidelobe interrogations, and sensors can eliminate sidelobe
responses (mainly fruit from aircraft in the mainbeam of other sensors).

Various system effects, particularly tae failure of the omni and direc-
tional antenna patterns to track each other at high elcvation angles, can
cause this mechanism to fail. When such a case arises, replies from an
alrcraft will be accepted over a wide azimuth extent. Since all repliecs 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 cffect 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

There is a real track with the same code and altitude at approxi-
mately the same range

I~

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 properities listed above using parametric
range aud elevation cutoffs, For reports without known altitud=, the eleva-
tlon 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 subsct 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 assumntion 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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10,6 Data Editing Hxample

This section presents an example of how effectively the data editing
routines desceribed in this chapter work on real data. The data employed was
collected at Washington National Airport by the Transportable Measarement
Facility (TMF).

Figure 10-6 displays all target reports declared by the reply processor
over a period of 100 scans for a particular arca of the overall coverage
region, Clearly, numerous cxtraneous reports are seen to be cluttering up
the picture. If no data editing werce apulied, the correlated reports that
would have resulted from this iuput are shown by Figure 10-7. Although this
picturce is a major improvement, a large nunber of false alarm tracks are
apparent.

Next the same input data was processed w~ith the data editing routines
cnabled. The first step of data editing is to identify and eliminate fruit,
split, and sidelobe reports. Figure 10-8 demonstrates the number of such
extrancous reports that werce 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 reports remaining are the ones believed to be
valid. Figure 10-11 depicts thesce rveports. Comparing this figure with 10-6,
it is clear that a tremendous improvement has been made in the cutput data
quality. Finally, Figure i0G-iZ2 presents 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 eguipped air traffic control semsor rcceives surveillance informa-
tion from both beacon radar (ATCRBS) and primary radar interrogations. K
ATCRBS has the advantages of providing additional aircraft information (identity
code and altitude) and being devoid of clutter, while primary radar provides
coverag~ 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 correspend to r=zal 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.

(98]

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 aigorithms are required. Figure 11-1
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 algorithms. These conditions imply that the radar and beacon
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 secn, 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. 1In fact, very little software
recoding would be required to add these fuanctions 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 wore than one feasible method was available to
handle a radar function, the one chosen was the one that matched an exlsting
beacon function. Thus, simple approaches were sometimes rejected in favor of
more complex ones in order to simplify the overall jolnt system.
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Tt should be noted here that none of the radar algorithms to be presented
have yet been tested. This is duce to the fact that none of the new generation
of moving target detection (MID) radars are yet avallable 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 iuitiated by such radars would
overwhelm the system capacity. 1t is quite possible that when real data from
an MTD system becomes available, some changes in the algorithms described
here will be required. It is being assumed, 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 alrcraft.
The first radar proccssing function is to identify radar reports which are 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 reinforccment algorithm ie the height of simpli-
city. A p, 6 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 chosen as the
reinforcer. The "distance" function applied in this calculation is defined
as follows:

d=100x[ Ap +6A8
preinf reinf

are the dimensions of the reinforcement box as depicted

where p and 6,
in FiguggiT{—Z. 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.

204




-

0O

reinf

Figure 11-2:

Radar Reinforcement Box

205

|ATC-65(11-2)]

e

—— Beacon Report




Thus, the most efficient way tv handle the reinforcement algorﬁ[hm 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 alyorithms
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 execvtion 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 repert i has a range of p_,
all not yet reinforced beacon reports in the sector (sec below) contained
within sort bins

Pg= P Oy * preinf
through ——-?r~+—-——-+ 1 [integer division]

Ap, . .
pbm bin

reinf

are examined as being possible associants. The association is performed
providing the two reporte satisfyv Ap < o and A8 < A . For each pair
so identified, an entry is made in the ass%cgation Cross re?erence 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 invoived. For radar/beacon
reinforcement, the Quality Score has very few attributes on which to base its
association rating. In particular, radar reports have ne 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 A6 1 of the sector boundary,
the report ls held over for processing in the subsequent sector. All other
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Octal Digit & Facror Condition Score

7 unused
6 unused
5 unused
4 3 or more replies 0
Beacon hit 2 replies of same mode 0
pattern .
i 1 f h 1
(modes A and C only) reply of each mode
! reply 2
3
Radar
Validity not as yet defined
2, 1, 0 Deviation Score 100 x | Ap__, A0
reint reinf
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Figure 11-3: Radar Reinforcement Quality Score




beacon reports arve marked as unreinforced and all other radar reports enter
into the functions described in the next two sections. Note that beacon
reports that arc held over until the next sector by the target to track
correlation algorithm, but which are marked as unrecinforced, do not enter
into that scctor'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 coclrespond
to a real aircraft. Thic €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, non-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 falsc alarms. When radar information is
available, this rule is modified sc that it only pertains to nou-reinforced
reports. Finally, beacon reflection false targets will generally not be
reinforced. Thus, more suspicion is cast when such a reinforced targct 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 associzating with a not yet
reinforced target must be carried over to the subsequent sector before corre-
lation is attempted {aloug with any other asscciating reports). This modi-
fication is needed for two reasons: to give the rarget 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, 1its correlation is permitted to proceed
tegardless.

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
alrcraft transponder were temporarily suppressed, or if the aircrafcr flew
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through a’ null of the beac2n 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.

Ccnceptually, the radar correlation procedure consists of attempting to
match uncorrelated beacon tracks with unused (during reirnforcement) radar
recports. Since radar reporcs contain neither code nor altitude, positional
nearness 1s the cnly available cerrelation criterion. As only uncorrelated
beacon tracks are eligible to correlate with a radar report, it would appesr
that radar correlation must be attempted 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 asscciation and correlation process at the szame time. The
scoring is arranged in such a way that radar recports cannot possibly be
selected for correlation by a track unless no beacon report is available. 1In
that event, however, the correlation process will select the proper radar
report from among all contenders. Thus, both normal beacon correlation and
radar correlation of beacon tracks are sccomplished in one pass through the
association and correlation algorithms presented in Chapters 6 and 7.

In order to perform this dual function, the unused radar reporis wmust bLe
adied to the range sort tatble containing the beacon reports. The method for
sorting each report is identical to that described for beacon reports in
Section 5.1. With 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

alcitude check - potential agreement

This conbined setting yields the following desirable cffects:

1, All geometric zonc 1 pairs are automatically associated
2., All gecometric zone 2 pairs are further checked for velocity
reasonablencss

.3, All geometric zone 3 pairs are discarded

4, No code swapping is attempted for radar reperts
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Thus, only "good" radar associations are permitted. All radar assocliations
that are identified during this process are entered into the cross reference
table in the identical manner used by beacon associations.

After assoclation is completed, the correlation routine proceeds in
cxaclly 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 11-5. As can be secen, the minimum Quality
Score for a radar association is octal 47000000. Since the maximum score for
a beacon assocliation is 44773777, no radar association can be preferred over
a beacon one, Thus, as stated earlier, only beacon tracks that fail to
correlate with g veacon report can be updated by a radar report.

1f a beacon track is to be correlated with a radar report, the corvela-
tion algerithm automatically selects the best one. Any intertwined or multiple
association situations are resolved just as for beacon reports: Quality
Scores congulted first, followed by Deviation Scores. Since the Deviation
Score computation uses only position, it is directly applicable to radar
reports as defined in Section 7.2.

L P . ) P I T s M IR DR I
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thalt for beacon cnes, except that, of course, no identity code or
update is possible.

11.3 Radar Tracking

Radar reports which correspond to neither beacon reports nor beacon
tracks are generally due to the vxistence of non-beacon-equipped aircraft.
Thus, in crder to maintain surveillance on such aircraft, leftover radar
reports must be entered inte radar tracking algorithms. The set of such
functions consists of radar track initiation, radar target to track correla-
tion, and radar track update.

Tt 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
algorithms for adequate performance. Since the MID radar data is not pre-
sently 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 radar report is the iange and
azlmuth of the illuminated airzraft. An MID report, morcover, contalns at
least the followlng additional pleces of information:
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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 cmployed by the target to track
correlation algorithm, the definitions of these entities are s 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 tu rule out correlation

"altitude" - a report attribute that cannot change by more than a fixed
awount from scan to scan, so that a larger difference can be used to
prevent corrclation.

Thus, a radar report attribure 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
chunge rtequired fur radar in that case would be in ithe routines for deitermining
"code" and "altitude" agrcement, which would depend on the 'code' and "altitude"
specifications.

Unfortunately, if no good "code" or "altitude' exists for radar reports,
the beacon algorithms would prebably 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 interpclatoy

These alterations have been found to significantly improve radar tracking
performance,




, APPENDIX

v A ATCKBS MOLE C ALTITUDE REPLY

When an aircraft equipped with an encoding altimeter is interrogated by
a mede € transmission, it responds with a signal that contains an encoded
versior. of its current altitude level, The code employed is a non-standard
Gray code. As with all Grav codes, each encoded altitude level differs in
only one bit position from the codes of the neighboring levels. This feature
prevents erraneous readouts should the interrogation occur during an altitude
cliange.,

The ATCRBS mode C reply consists of twelve information bits, which can
be grouped to form the four octal digits of the code employed. Thus, the
ATCRBS altitude signal H can be written in either of the following two ways:

H ABCD

L}

= A4A2A1B4B2B1CAC2C1D4D2D1

where the subscrioted 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. Spocifically, the ordering employed is

DABC
That is, the C digit varies most rapidly, the D least rapidly.

In all Gray codes, the seguence of values generated by each digit is
reflexive about the end values. That is, they count up, then down, then up,
and so forth, TFor 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 empleys a subset of this sequence, namely:

4, 6, 2, 5,1, 1,3, 2,6, 4, 4, 6, . . .
Finally, the D digit orly uses the truncated set of values

U, 4, 6. 2

as this racge in sufficient to cover all altitude levels of interest.
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At the time a digit repeats its end walue (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 cyele 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 ciglet, t' 2t is, the number of fiight levels required for one
complete sequerce 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

640

period of A: 16 values x 1/2(80) levels per change

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 flight level can be encoded into its bit pattern. The former proce-
dure is used to enter the aircrafi altitude into a target report, while the
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.l Encoding Algorithm
t

Since the encoding algorithm, which converts flight level into Gray
code, is easier to uderstand and serves to motivate the decoding process, it
will be presented first. The simplest encudimg procedure, of course, would
be to perform a table lookup for the given flight level. However, since over
1000 entries wouuld L2 required for the table, this approach was rejected as
r.ot being .ost «{fective,.

The algoritim selected follows directly from the period calculations of
the previous section, It determines, through use of modulo arithnetic, how
far into each octal dizic's sequence the given altitude level falls. Then,
knowing the actual valie sequence employed by each digit, the correct encoded
value for the digit can ve ldentified. Finally, the four individual digit
values are weighted properly to construct the code word,

For each digit 1(C=1, B=2, A=3, D=4), define the following two quantities:
Pi = perfod of digit i (calculated in 4.0Q)

L, = number of levels per change of digit i (L1=1, L1=Pi-l/2)




Fach digit i repeats its valuc sequence every P, flight levels. Thus, if the
. . i . o o
flight level to be encoded is reduced modulo Pi’ the relative position within

a period is determined. That is:

H, = H mod P,
i

i
where

Hi = flight level

H* =H + 12

ﬁi = relative position within period of digit i.

The addition of 12.is required because the lowest encoded flight level is
-12, not 0. Once H, is known, the required element of the digit 1 sequence
is found simply as:

1
1

—_—

4, = =

i integer division

-

i
Krowing the sequence employed, the proper value can be selected.

The details of the overall encoding algorithm are presented in Figure A-
1, while Figure A-2 presents the calculations for a sample altitude level.

A.2 Decoding Algorithm

The decoding algorithm, which converts the CGray 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 casiest
algorithm, but a 4096 element table would be required. Thus, the small
increase in processing time neeled 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 1its 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 thls procedure 1s that the sequence
of values for any digit is double valued, cach value appearing in both the
ascent and return stages, The correct choice to utilize can only be deter-~
mined if all of the more slgnificant digits have been processed first. Thus
the digit coatributions, unlike for normal counting systems, are not independent
of each other.




INPUT: decimal flight level H TATC-GS(A—W

CALCULATIONS:

/
H = H+12
’
¢
C = Tl([H-('TO*)xlO]]
/ H’
B = Tz((H‘(-Bﬁ)x8O]/5)
/

/  H
A = T, ([H- (gz,) %640 ]/ 40)

D = TZ(H'/szo)

all divisiofis are integer division

{(no remainder)

T, (0-9): 4, 6,23 1,1,3,26, 4

TZ (0-15): 0, 4, 6, 2, 3, 7, 5,1, 1,5, 7,3, 2,6, 4, 0

OUTPUT: W= Ax2” +Bx28 +cx2’+D

Figure A-1: Flight Level to Gray Code Algorithm
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INDPUT: 1 = 73

ATC-65(A-2) B
CALCULATIONS:
/
H = 73 +12 = 85

. 85
C:11({85-(TF)XIO]):T1(85-SX1O):Tl(s)::l
B = T, (85 -(32)x80)]/5 =T, (18 -1x80]/5)

= T, ({85~ (g5 )> =T,

= ;‘2(5/5):TZ(1):-:

A = TZ([85~(—g%b)x640]/40):Tz([85-0x640]/40)

=T, (85/40) = T, (2) = 6

D = 'I‘2 (85/320) = T2 0y =0

6x29+4x26+1x23+0

OUTPUT: w

e e a1

= 64108

110100001000

A4A2AIB 132}31C462C1D4D2D1

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 tke 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 assumpticn is checked after D is
processed). In addition, if the entry has the hundreds digit set, it marks
the C digit a=® ascending; 1if not, as returning. For example, if AB = 33, =
2710 TAB(27) = 136 indicates that this valuve is the 37th in the joint value

u

»
_ 2P A aL P ~ - ] - :
ence (0,1,...,,36) and that the € digit should be processed as ascending.

Sequ

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
réflexive nature of the Gray code, 4-T,(C) is the coantribution for a returning
C. Finally, the contribution of D is gound, 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 indjcates a minimal transponder.




INPUT: encoded altitude G (12 bits) TATC-GS(A-B)I

CALCULATIONS:
AB = —
8
2
C = G-ABx8 integer divisions
8
2
D=G-ABx8 - C=x38

TEMP = T,, (AB)x 5

IF (TEMP > 500) THEN NEXT = TEMP + T (C) - 500
FLSE NEXT = TEMP + (4 - T (C))

THIRD = T, (D) x 320

IF (THIRD = 0 or 640) THEN FL = TIIIRD 4+ NEXT

*—]

ELSE FL = THIRD + (319 - NEX

OUTPUT: H=FL - 12

{see Figure % for TAB ' TC , and TD )

Figure A-3: Gray Code to Flight Level Algorithin
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TABLE T, (i) , i-0, 63 T aTc-65(A-4)

TAB(O) = 100 7 3 104 1 106 102 5
TAB(S) 63 156 160 59 162 57 61 158
TAB(16) = 31 124 128 27 130 25 29 126
TAB(24) = 132 39 35 136 33 138 134 37
TAB(32) = 15 108 112 11 114 9 13 110
TAB(40) = 148 55 51 152 49 154 150 53

A8Y - 116 1
Tpl48) 23 19 120 17 122 118 21
TAB(SG) = 47 140 144 43 146 41 45 142

TABLE Tc(i) , 1=0,7

TC (V) = 0 4 2 3 0 0 1 0

TABLE TD i), i=0, 7

TL(0) = 0 0 3 0 1 0 2 0

Figure A-4; Tables for Decoding Algorithm




TIATC-65(A-5)]
' INPUT: G = 7064, = 111000110100 [are-gs(as)]

CALCULAT.ONS:

70648
AB = — = ?08 = 56
1008
7064, - 7000
C = ———-8————-—---8—‘ = 6) = 6
0 8
Y
D = 70645 - 7000, - 605 =4y = 4

TEMP = T,o (56)x5 = 47x5 = 235
TEMP < 500
o NEXT = 235 4 (4 - T (6)) =235 +4-1 =238

THIRD = TD (4) x 320 = 1 x 320 = 320

THIRD £ ¢ or 640

.. 'L = 320 4 (319 - 238) = 401

OUTPUT: H = 401 -12 = 339

Fipure s-5: Example of Decoding Algorithms




If a reply is sent, it can be received by the sensor as clear or garbled,
depending upon the aircraft and fruit eavironment. It is categorized as clear
if the reply processor declares all its bits as high confidence, and garbled
if any low confidence bits exist. 7Thus, 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
represcntaed in a target report is depicted in Figure A-6. Remember that in
this implementation both the code and confidence words of any mode consist c¢f
16 bits: the 12 informaticn bits, followed by Fl, F2, X, and SPI1. Since
neither X or SPI is used on wode C, and since the F! 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 A4-6,

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, saveral more track altitude classifications are required because of
the following ruls expressed in Section 9.2:

If the altitude of a track has not been updated for 3 (parameter)
scang, set all altitude bits to low confidence.

This vule 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 gertings {see Figure B-6) is given by Figure A-7. The two possible
categories "had been clear brackets" and "had been garbled brackets" have been
collapsed intc the single category "had been brackets’”, as all code bits in
either case are believed to be zerces.
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Code or confidence word bit ordering:

ATC-65(A-6)]
. AAAZA B, BZBICQCZCIDQDZDIFIFZX SPI _1 4J4

~——

_N__/’
12 code bits 4 Appendage bits

Altitude Type Code Confidence  Type Setting
1. no replies 000 FFF 2
2. garbled no high confidence '1' s,
brackets at least 1 high confidence '0', and 3

at least 1 low confidence bit

3. clear

brackets 000 000 4
4, garbled all bits low confidence; or 1
flight level at least 1 high coafidence '1'
and at least ]l low confidence bit
5. clear
flight level any 000 0

All values in Hex

Figure A-6: Report Altitude Representations




Altitude Type Code Confidence Type Setting

1. no replies 000 FFF 2
2. garbled brackets No Hl, >1 KO, >1 low conf. 3
3. clear brackets 000 000 4
4. garbled flight all low conf.; or

level >1 Hl and >1 low conf. 1

5. clear flight

level any 000 0
€. "had been"

no replies 000 FFF A
7 "%ad been”

brackets 000 FFF D
8, ‘"had been"

garbled flight

level any FFF E

9., "had been"
clear flight
level any FFF F

“[Arc-65{A-7)]

All values in Hex

Figure A-7: Track Altitude Representations
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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 altitudeg of track i and report j. The interpretation given to various
values of Ah,. is as follows:

1j
0 < Ah,, < l—Ah : agreement
-~ i — 2 max
1
= < H
2 Ahmax Ahij E-Ahmax potential agreement

Ah,. > Ah : disagreement
ij max

Typically, Ahmah is set at 10 flight levels, or 1000 feet.

The first requirement of altitude agreement is that the track and target
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,, = O,

If both target and track represent an altitude reporting aircraft, ﬁawever,
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 diiference, which is the critical value, is thus
given by:

= lAEL integer division

where S is the number of scans since the track altitude was updataed. 1If this
differencc is no greater than Ah » Ah is set equal to the difference.

The magnitude of Ahij will than ngicatejwhether agreement or potential
agreement applies.

However, if the difference exceeds Ah_, or if one or the other of the
altitudes is garbled flight level, a more ggﬁplex procedure is required.
First, the clear altitude (otr both in the case of the subtraction failure) is
converted back into its encoded representation by the algorithm presented in
Section A.1. Then the high confidence bits cf 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, thery could be from 5 to 6 levels
apart, and so forth. The algorithm that has been implemented does not deter-
mine whether or not the correct bit ie 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:

= * —_
Ay | [5 + 5 * Max {o, 41n Ne}] /s

where

dhigh = number of high confidence bit differences in DAB

Ne = number of bit errors assumed possible in 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 cowparison could be altitude agreement, potential
agreeuent, or disagreement.

In the event the target and track represent different types of aircraft,
fixed values of Ah, . are assigned to the potential association. Im each
case, the result wiil be placed into the potential agreement category. This
is done to reflect the possibility of an aircraft chanzing its type of response.

Thw ownmed.s den A Fadn e 48 annadhl - ~ -
fe] €R3WpLE, ini 8 £a4€ it is piéB8Lio.e that no mode C rcylics will be received

at the sensor, or the mode C replies could be blocked by synchromous garble
or other effects. Also, it is conceivable that an aircraft will rurn 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-~
clations are determined by the fractional parameters Phl and Ph as follows:

2
- *
Ahij Phl Ahmax if either target or track has no replies

- * £ -
Ahij th Ahmax 1Z the association is brackets only versus

flight level

Nominally, .9 and Ph - .8,

2

P "

. —— e




The one exception to this rule occurs if the mixed association is garbled
brackets versus 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 compariscn scores better
than PhZ*Ahmax’ that result is accepted instead.

After Ah,, has been computed by the applicable rule presented above, one
final step remdins. The track classifications "had been X", as explained in
the previous section, are used to indicate that the track altitude infor-
mation 1is 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 value is automgg¥cally
lowered to Ahmax

A complete summary of the various procedures used to compute Ah,, for
all possible target report versus track cases is presented in Figure A-8.
The five veport and nine track classifications shown in the table were all
defined in Section A.3.

A.5 Tracw Aititude Update

Once per scan, cach 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
neither conditicn ig gatisfied; 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 time the altitude flelds are successfully updated- by a new
report. If no update is possible, the 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 cne of the "had been X" classifications
described {n Section A.3. This setting maintains the most recent altitude
information known fcr the track so that potential associations musy be scored
properly. However, as described in the previous section, no assocliation may
be rejected for a track in this state.

Should altitude update fajlures continue after this point, the altitude
counter is decrencwted ore uuiy per scan. When it reaches zero, the track
altitude informativn is defined tce be useless., Thus, the next time the track
correlates, the altitude ard altitude confidence flelds of the report are
automatically pla<ad into the track file, Then the entire sequence begins
’ again.

h----..............................___________________________.-_.-.-.-.--.-.-.-.-.-.--.-.-.-.--.--
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2)

(1)

~
o~
~—

(5)

(6)

"

(8)

(9)

eport (1) e)) €} () (5)
no garbled clear garbled clear
Track teplies brackets brackats level level
ne ¢ P, ,*ah P, *ah P, *4h P, *ih
Treplies hl = max bl " max hl “'max hl ““max
garbled Phl*dhm‘x 0 0 Compare bits Compare bits
brackets or or
* *
PhZ Ahmax PhZ Ahmax
clear P .* * *
brackets hl Ahmax 0 0 th Ahmax th Ahmax
garbled P *&h Comparc bits | P _*4ih Compare Compare
level hi max or hz ~wex bits bics
»*
Ph2 Ahmax
* * s
cleuar Phl Ahmax Compare bits th Ahmax Compare |diff|
level or bits or
Ph,,"Ahmnx Compare bits
n " » * * [
“had been” 0 B Ay Pr1*8hgax Py oy LR
1" " * L] w
bt:ngi:n Phl Ahmlx 0 0 Ph2 Ahmax Ph2 Ahmax
“had been" Compare bits Compare bits
garbled level Phl*Ahmax PhZ*Ahmax th*Ahule or . or
&h ah
max max
“had been" | LT Compare bite | P _#3h Compare bits lastf| or
clear level h1 X or h2 max or Compace bita
.
th Ahmlx Ahmax or Ahmax

ah, . computatiuvn or value 18 given

i3

or mears chooee hest ecore

Figure A-8:

Altitude Association Cases

IATC-GS(A-B)




The rule that governs the acceptability of a correlating report's alti-
tude can bte expressed as follows:

A report altitude can be used to update a track file only if it
agrees with the current track altitude (i.e: Ah,, E-_-Ahmax) and
it has at least as good quality as the current aiiituge.

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 garbled 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 ATC-65(A-9)]

Same labels as A-8
Track (N 2) (3) (4) 5
(1) R )i U U U
) U I R U U
3 U U
Same (3 _ v L R
labels (& U U U U R
I
as (5) U U U v R
A-8
(6) R D D D D
(7 D D R D D
(8 D D D D R
(9 D D D |y R
altitude update actions:
1f oh,, <% Ah___, replace track altitude with report
ij — max
R - { altitude and zero counter
if Ahij > L Ahmax’ proceed as under U (or D)
U o~ incienens counter; if reach parametric value,
gset track to "had been" category
D - decrement counter; if reach 0, replace track
altitude with veport altitude
I - lmprove trach altitude by union of high
confidence bits
L -~ ser counter to zero, leave track altitude as is

Figure A-9:  Altitude Update Cases
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