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16. A is Hoc ’
~‘ In the design of a practical tracking algorithm, various nonlinearities are intro-

duced which cannot be evaluaLed using the standard linear theory. For this reason
these nonlineart tIes, which involve the interaction of the correlation region (search
area) and the smoothing constants used in tracking, must be evaluated using simula-
tion of the actual algorithm. Various modifications of the standard bimodal track-
ing algorithm have been considered, including a comparison of fixed versus dynamic
search areas , circular versus noncircular search areas , the introduction of a one—scsi
delay before use of the large search area smoothing constants , and an evaluation of
the influence of the search area design probability on the performance of the track-
ing algorithm. For a straight—tine trajectory, the velpcity errors observed using
the fixed search area design were found to be approximately three times larger than
those theoretically obtainable using an alpha—beta tracking algorithm. The use of a
dynamic search area with one—scan delay was found to give a considerable improvement
in the straight—line performance of the tracking algorithm, while at the same time
small reductions were observed in the peak transient errors for maneuvering targets.
Since the performance of the tracking algorithm is highly dependent on the size of th
search area (which is based on the statistical properties of the radar errors) the
search area parameters should he site— dependent so as to allow equivalent performance
from all radar sites The results obtained in this study show there is considerable
room for improvement the performance of the standard bimodal tracking algorithm,
and this is true even w ithout considering changes in the smoothing parame ters or the
use of such features as track—oriented smoothing.
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EXECUTIVE SUMMARY

The tracking algorithm is of fundamental importance in air traffic controlbecause it performs the function of velocity estimation which is then used to
predict the future position of an aircraft. The objective in this study is to
determine if there is any room for performance improvement using modifications
to the tracking algorithm which do not require significant computational
resources for implementation., One of the possible modifications is a dynamicsearch area, for which a design procedure was developed previously (reference 1),
and this modification provides a significant improvement in the tracking algorithm
in terms of the ability to discriminate between straight—line and maneuvering
targets. The results of this study show that the circular dynamic search areawill give a level of tracking performance which is superior to either a non—
circular dynamic search area or a circular fixed search area for both straight—
line and maneuvering targets, thus confirming that significant tracking improve-
ments can be achieved by modifications to the tracking algorithm which do not
require significant computational resources.
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1. INTRODUCTION

In a previous report (reference 1), a procedure was developed for the design
of circular correlation regions or search area s which was based on an analysis
of the statistical characteristics of the radar and tracking errors . In the
present report , which is a continuation of the study of the search area ,
certain nonlinear interactions between the search area and tracking are con-
sidered which cannot be handled by the linear mathematical analysis used
previously . As a consequence in this paper , the interaction between the search
area and tracking is evaluated by means of a statistical simulation in which
actual tracking statistics are used for comparison of the alternatives.

As an example of the type of questions which might he considered, it would be
useful to know what should be used for the probability on which the search
area design is based. In order to obtain reliable tracking, a very high prob-
ability should be used in the design of the search area in order to acquire
data in all reasonable circumstances. However, in the case in which an altern-
ative set of smoothing parameters is used for maneuvering targets and the
choice between smoothing parame ters is based on a radar return being inside
or outside of a particular search area, then it might be preferable to use a
smaller probability to design this search area so as to switch to the proper
smoothing constants as soon as possible in order to follow a maneuver more
precisely. Since the choice of smoothing parameters is a nonlinear operation,
it cannot be analyzed using the standard analytical methods such as those used
previously (reference 1) and must instead be evaluated by simulating the
alternative choices and then making a determination based on the performance
statistics of the simulation.

2. DESCRIPTION OF THE MONTE CARLO SIMULATION PROCEDURE

2.1 COMPARISON OF RESULTS.

The procedure which will be used in this report is to simulate the operation
of a practical tracking algorithm in various scenarios which are typical of
the en route air t r a f f i c  control environment. At each cycle of operation of
the tracking algorithm certain selected sample moments are calculated which
describe the statistical behavior of the tracking algorithm at that particular
cycle. The multiple—time series consisting of the selected sample moments
constitute the data base which will be used for the comparison of various
alternative formulations of the tracking algorithm.

In each scenario, there is one true track which is perturbed by random errors
of the appropriate statistical characteristics corresponding to radar errors
and which is repeated a number of times to generate a population of random radar
returns for the specified true track. Each of the random radar returns is
operated on independently by the tracking algorithm to form an ensemble of
tracks for which the sample moments define the statistical characteristics of
the simulation output at any particular moment in time.

1
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In all the comparative simulations to be performed, and which will be discussed
in later sec tions, it is important to note that the random number generator was
initialized with the same seed , thus generating the exact same sequence of
pssudorandom errors. As a consequence, the comparison of the simulation out-
put can be made directly on the basis of the differences observed in the sample
moments without the need to resort to statistical hypothesis tests to determine
if any signific nt differences exist. Since the same sequence of errors is
used as the input in all cases, any differences which are observed are directly
due to the changes in the implementation of the tracking algorithm itself and
are not due to random differences in the input sequence. In many cases, it
will be found that the differences in the performance measures for different
formulations of the tracking algorithm are so insignificant that these differ—
ences would most likely not be detected using hypothesis tests. In order to
present such differences to the reader, it will be necessary to present tabu-
lar listings of the sample data rather than relying on a less—detailed graphi-
cal presentation.

2.2 TRACKING ALGORITHM.

The tracking algorithm of interest in this report is the en route tracking
algorithm which is a bimodal tracker , since the weighting parameters can take
two different sets of nonzero values depending on the deviation between the
measured and predicted positions. At any epoch, k, the tracking algorithm
is specified by the following equations:

4.

Xa(k) Xp(k)+ n.Ar (k) (1)
9. -~~ -~

V8(k)—V5(k—l)+ ~~r(k)/T (2)

X~(k+l)..X5(k)+T V3(k) (3)

~r(k)—Xm(k)—Xp
(k) (4)

where : ~s(k) — Estimated position

V9(k) Estimated velocity

X~(k) — Predicted position

Ar(k) — Track datum deviation

— Pos ition smoothing constant

B Velocity smoothing constant

L~(k) — Position of the radar measurement

T Scan time or measurement interval.

For simplicity, the problems of operation in a multiple radar site environment
and asynchronous operation of the sensor with respect to the tracking algo-
rithm will not be considered. With this simplifying assumption, it can then

2
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be assumed that the measurement data , Xm , are available at a constant rate
specified by the time interval T.

The track datum deviation , ~ ~(k) , is used as the basis for choosing the value
of the smoothing constants.  The dec ision process for the smoothing constants
can be defined as follows :

a S ~~ C A ~

— ‘
~
‘L A~~ C AL (5)

o t~t
!

~
‘S ~~~ CA 5

F —  ~‘L .\r CAL (6)

O

where AS and AL are referred to as the small and large search areas, respec-
tively . It should be noted that AS is contained within AL.

The search areas used in practice vary in size and shape according to the type
of data being used and the magni tude of the track datum deviation ( e . g . ,  see
reference 2 ) .  The smoothing constants used in the small search area are chosen
to give a high degree of noise reduction (via relat ively small values of a

and B ),  while the smoothing constants used in the large search areas are
chosen on the basis of the transient response characteristics (thus implying
larger values of a and B ) - Various c r i te r ia  can be used as the basis for
choosing the smoothing constants in either search area, but it is usually
intended that the small search area smoothing constants be used with straigh t—
line tracks, while the large search area smoothing constants be used with
maneuvering targets.

The need for multiple smoothing constants arises because smoothing constants
which give a high degree of noise reduction are not satisfactory for follow ing
maneuvering targets and vice versa. When a target begins to maneuver, a bias
will  develop in the predicted position , which is based on the assumption of a
constant—velocity , straight—line track , and in most cases this bias will
eventually be sufficiently large to cause the tracker to switch to the larger
smoothing constants in the large search area which will then remove the bias,
thus caus ing the tracker to rever t to the use of the small search area smooth—

• ing constants . The magnitude of the bias , which is observed in both
position and velocity, is of considerable interest because advanced air traffic
control features , such as Conflict Alert , renuire accurate estimates of fut.~re
position in order to operate properly, and bias errors can cause significant
problems in the operation of such features. As a result of the switching
between alternative sets of smoothing constants , the tracking algorithm just
described is referred to as a bimodal tracker.

.3
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In the case in which the track datum , X,~(k) , falls outside the large search
area, the use of a smoothing constant of zero implies that the data are not
used at all because the track datum deviation is so large that it is unlikely
that the radar re turn under consideration is actur ’ly from the target being
tracked. The sources of false targets are of no concern in the present report.
It is possible, however , that in some cases the target can maneuver with such
a high acceleration that the true targe t re turn  fal ls  outside the large search
area. In these cases, the associatior. between the track and the target data
will be broken , and the track will be lost. The design of the large search
area to avoid such situations is discussed in the previous report (reference 1).

2.3 PERFORMANCE STATISTICS.

The sample moments which are used for the comparison of the tracking simula-
tions are obtained in the following manner. The sensor measurements are
assumed to consist of the sequences P T (k)~ and 

~O T(k)~ whe re c~T (k) and O T(k)
are the true range and azimuth , respectively , of the target at time epoch k.
In the simulation program , the sensor measurements are corrupted by errors,

~~(k) and 
\ t3(k), which are generated in such a manner that the sequences

and .\e(k) are each white and stochastically independent of one
another. The simulated track data sequence p T(k)+ L

~P(k) and O T (k ) +A 0(k)
are transformed to a Cartesian coordinate system to give the simulated radar
measurement sequence Xm(k) which is input to a digital filter defined by
equations (1) to (4). In order to determine what constitutes the typical
behavior of the tracking algorithm , the experiment of generating a random track
data sequence for  use as input to the tracking algorithm is repeated to gen-
erate an ensemble of responses, each of which is stochastically independent
of one another. At each epoch , k, there are various sample moments (ensemble
averages) which can be used to characterize the performance of the tracking
algorithm for the true track being used as the basis for the simulation.

For each of the N simulated radar measurement sequences, the output of the
digi tal f i l ter  consists of the sequences

;x (k , i) , Y (k, i)
S S

~v (k , i), V (k, i)~x y

~x (k , i), V (k , i)~p p
where X5, Y5 — estimated position components

V,~, V~, — estimated velocit~’ components

Xi,, Y~, — predicted position components

and i—l ,...,N where I is the population index and N Is the sample size.
Denoting the true position and velocity of the target as : X,,~.(k), Y1(k)~ and

vTx (k) , V~~(k)~ , respectively, the following sequences of sample moments will
be defined as the performance measures:

4
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(a) Radial pos ition err or

N __________________________________________

re(k) — !~~ lki8
(k , 1) X T(k ) ) 2  + (Y 8(k , 1 ) Y T( k) ) 2  ( 7 )

i~ l

(b) Radial velocity error

ve(k) = !~~~~~~~~ ~~
v
~

(k , i)-vTx (k ) ) 2  + (V~ (k , i)-vTy (k ) ) 2
N 1 (8)

(c) Mean speed

(k)  = !~~~~~~~~ ~~I~~~~~~(k , i) + V2 (k , 1) (9)
N 1,1

(d) Mean heading error

~ (k) !~~~~~~~~ [ta n 1(V x (k~ i)IV~ (k , i ) )  (10)

_tan_l (VTX (k ) / VTY(k))J

It is quite obvious that these are not the only performance measures which
could be defined on the simulation output; however, it Is thought that these
measures are sufficient to characterize the simulation output for purposes of
comparison. It should be noted that particular emphasis is being placed on
the velocity output of the tracking algorithm because the prediction of future
pc~~ .tion required for advanced air traffic control features is so heavily
dependent on accurate velocity estimates. In a later section, some addi tional
performance measures will be defined which are of particular interest in the
case of straight—line tracks. The same performance measures have been used
in other studies of tracking performance. It must be emphasized, however,
that it is not possible to make direct comparisons between the performance
measures computed in this study and those fo und elsewhere beca use in many
cases the results presented in other reports are for a multiple—site environ-
ment with asynchronous operation of the tracking algorithm with respect to the
sensor, which is not the case in the present study. For this reason, dis-
crepancies may exist between the results presented in this study and those
presented elsewhere. Specifically, the peak err ors in speed and heading

• observed in this study may be less than those found elsewhere.

5 
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2 .4 STAN DA RD SCENARIOS AND PARAMETER _ VAL UES .

In the evaluation of the modiftt’ations t~ ( hi’ tracking algorithm, it is nec-
essary to main ta in  a standard set of conditions which is used as a baseline
against which to compar e the change in performance due to the p a r t i c u lar
modi f ica t ion  tinder con sidera t ion .  The standard s i m u l a t i o n  parameters and
scenarios are described In tables I and 2 . Any deviation from these standard
conditions will be explicitl y noted in the section where the results of the
deviation are discussed. For the purpose of this  report , the va r ious  scenarios
listed In table 2 are considered to he s u f f ic i e n t  fot ~ e ’valuat ion of the
tracking a lgo r i t hm mod I f i t ’ at tons under cons I derail on • hut are not to he con-
sidered as represent tug any par t  leular li s l e1 environment , hut  ra ther  are
representative of what migh t he’ encouut .red in any f i e l d  environment.

it should also he’ itoted t h a t  I he t rack tug simulat ion procedure b eing used in
this study (single radar site with ttxed d*tet interval and random errors
initialized with the ’ $flme’ seed numb e’r’) is a very sensit iv. test bed for
evaluation of minute’ different’en in perform ance ’ . In a more realistic envi-
ronment (mul tip l e  radar s i t  i’M w i t h  i m t n g  errors , f t  xe’d point compu t at  ions ,
and nonrepeatable error soquences~ , I t  may not oven he possible to detec t any
differences In performance’ te ’r some’ ot  the m o d t t t e a t ions being examined in
this report. For t h i s  reason , a simpli fied sinsi tat ton procedure is to he
preferred in some cases because a highly r ea l i s t i c , hut complicated , sit s—
ulat ion  may not provttk. a sut f i c t e n t l v  st a b l e  test  hod for the detect ion of
minute dl f fere ’nc es  In performance ’. One additional point which shoul d be noted
is that  al l  the s mmci tat ions p’rfo rmed for this report were done with the mast or
plane used as the coordinate’ system ; i.e., it  is i m p l i c i t l y  nssume d that  all
targets at different altitudes have heeti mapped onto a cottitton coordinate
system using an appropriate ’ projection technique SO t hat attitude variations
can be eliminated from consideration .

3, SIMUI.ATION RESULTS

The simulation results , in te ’rms of performance measures discussed prev iously ,
for the various alternative formulation s of the tracking algorithm will he
given in the fol lowing sect ions. Since’ the d i f f e ren c e s  observed are , in many
cases, extremely minute , It will he’ necessary to present the results in a tab-
ular form rather than a more’ des i rable ’  graphical presentation.

3.! VARIATION IN TilE SIZE AND SHAPE OF THE SEARCH AREA.

Several variations of both the sire and the shape of th. search area have been
examined in the past. The’ search area de f in i t i on s  specified  in tab le  I are
referred to as a dynamic search area t r e t er euce  L~ because the sizes are a
func t ion of both the ilt~ tanc ’i’ to t he radar and the vol oe’ liv of the target , hut
the shape of the region Is e lr ~ t s1a t  In a l l  cases. The p ar amet ers  used in the
search area clef t  n i t  ions in t able ’  I are h~sed on a previous ana lys i s
(reference 1’ • S tne’e one’ ot the ’ funet ions of t he’ c~’rre I at ton regions is to
determine which smeot It I ng cons t an t  s are’ applica ble’ to the part I c tdar s i tua t ion

ii
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TABLE I. NOM I NAL SIMULATION PARAMETERS

- 
; Population samp le size , N: 250

Total s imulation durat ion , N 5 : 50 scans

Scan t ime , T: 10 seconds

Blip /scan ratio: 1.0

Rad a r range standard deviation ,°~ 0.125 miii

Radar azimuth standard dev iation ,o~1 3 ACP*

~ 1 (4096 ACP /2~ rad ians)

Search area de sign probability: 0.95

A~ , Small search area
Shape Circ ular

Rad ius , Ts r5”max (0.29 ,0.0102 p)

P •

At,  Large Search Area
Shape Circ u lar

Rad ius , rt _________

v— ~v~
2 +v~

2
Smoothing pa rame ter s

Smal l  search area

~s 0•046875

Lar ge search area

Program precision Floating—point

Programming language JOVIAL and FORTRAN

~ Azim uth ch ange pulses
7
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TAZLE 2 • NOMINAL SCENARIO PARAMETERS

Radar position : x—ioo , Y 0  miii

Start of turns: 20 th scan

Location of start of turn: X— ].OO, Y—60 miii

900 Turn
Turn rate 3°/second
Ini tial cond itions

1. Position X—89.44 , Y—60.O
Velocity V

~
a2OO , V~~O

2. Position X 100.O p Y~49.44Velocity V,~—O , V~—20O

100° Turn
Turn rate 2°/second
Ini tial condi tions

1. PositIon X~78.R8 , Y 60.O
Velocity V

~~
4OO , Vy O

2. Position X~’lOO.O , Y~ 38.88Velocity V,~..O , V~,”4O0

8
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detected (i.e., straight—line smoothing constants for 851511 search area data
and maneuvering smoothing constants for large search area data), it is apparent
that the search areas should be designed to make an accurate distinction
between the two cases. In order to perform this function properly , it has
been sugges ted that a noncircular search area would be more appropriate, since
this could more closely match the statistical distribution of the radar errors.

Several noncircular search areas have been proposed (reference 2), but all
are generally based on the concept that , since the error distr ibution is a hi—
variate Gaussian d i s t r i b u t ion , the small search areas should be elliptical
(reference 4) or some approximation to an ellipse. If the shape of the sm*ll
search area were to be taken as an equidenaity contour of the probabi l i ty
density function, then this would provide a mo’e accurate discrimination between
straight—line and maneuvering targets and set woul d lead to reduced tracking
errors in the maneuvering case by switching to the large search area smoothing
constants more rapidly than in the case of a circular search area.

In order to test the conjecture that a noncircular small search area would
result in lower tracking errors by detecting maneuvers more rapidly, a series
of simulations was run in which the same sequence of random errors was used
with the only difference being the shape of the small sea rch area. In order
to perform the comparison on approximately the same basis , the probabi l i ty
(0.95) used to design the search areas was the same in both cases. For the
noncircular small search area, a polar di fferen tial element was used , and since
the range and azimuth errors are independent , the size In each dimension was
taken as the centered region which contains ~~~~~ of the total distribution or
2.24a. Although it might be thought that the noncircular search area defined
using the polar differential element with dimensions determined in this manner
would be an exact equivalent of the circular search area (on an equiprobability
basis) this is not the case, and the reason for this will be discussed later.
The results of these simulations, expressed In terms of the performance meas-
ures defined in Section 2.3 and for the scenarios in Section 2 .4 , are given
in table 3.

In order to determine whether the aspect of the track with respect to the
rada r was of any importance , simulations were run in both the x and y
directions. Since only the results during the maneuver are of interest , the
performance measures are given for several scans following the start of the
maneuvers. The simulation had already run for 20 scans before the start of
the maneuver so that any initiation transients will have been el iminated by
this time . Since the d i f fe rences  between the ci rcular  and noncircu.lar search
areas were found to be second—order e f f e c t s , i t  was necessary to present the
results in a tabular form, because no di f fe rences  woul d be observed in a
graphical presentation. Note that the maneuver only exists for scans one to
five for the 400—knot results anti from scans one t. t three for the 200—knot
results. Also, the mean heading error is negative’ in all cases, IndicatIng a
lagging relationship with the true heading.

9
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Using the results presented in table 3, the following observation, were mad.:

(a) The peak radial position error and the peak mean speed error occur
on the scan after the turn has been completed.

(b) The peak radial velocity error and the peak mean heading error occur
on the last scan of the turn.

(c) For the radial position error no significant differences were observed
between the results obtained using a circular search area and those obtained
using a noncircular search area ; however, on a relative basis, the d ifferences
were larger for the slower moving targets.

(d) During the maneuver , the maximum difference in the radial velocity
erro r (comparing the c i rcular  and noncir cular  cases) occurs on the second scan
of the turn, and the dif ferences  are more pronounced for t rajectories  in the x
direction than for those in the y direction.

(e) In terms of the d i f ferences  observed at the scans where the peak
errors occ urred, it was found that in all cases the differences between the
noncircular and circular cases were ins igni f icant .  It was also noted that the
maximum difference in the comparison does not occur at the point of maximum
error.

(f) In the case of the performance differences for the mean speed for
the circular and noncircular search areas, It was found that in most cases
these differences were less thati 1.5 knots, while for the mean heading error
the performance differences were less than 10 In most cases.

The only differences in performance between the circular and noncircular
search areas which could reasonably be attributed to a more rapid switching of
the smoothing constants are those observed in the radial velocity error on the
second scan of the maneuver in the case of tracks with velocity components in
the x—direction. In the situation just described , the crosatrack deviations
would be in the rEdial direction , which is the smaller dimension of the small
search area at this distance. The fact that some differences between the
performance for circular and noncircular search areas were observed indicates
that in some cases a noncircular search area can detec t a maneuver one scan
earlier than a circ ular search area, but the tracking improvements which are
achieved by this early detection are so Insignifican t that the heavy computa—
tional burden which would be imposed by the use of a noucircular search area
is unjustified with respect to the performance improvement obtained.

It was noted previously that the circular and noncircular search areas are not
exactly equivalent wi th respect to the design probability. The reason for
this is the fact that the influence of tracking errors was included in the
design of the circui~r search area but was not included in the design of the
noncircular search area which was based solely on the sensor errors. In a
previous report , (reference 1), it was f~nnd that the variance of the errors on
which the search area is based Is 2~ percent larger than that of the sensor
itself. Assuming that thts increase holds for each of the orthogonal errors
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(range and azimuth) used to design the noncircular search area, then the
standard deviation in each case should be 13 percent larger than that actually
used. Asstmd.ng this to be the case, the design probability for the noncircular
search area was actually on the order of 0.90 rather than 0.95; however, if
this is true, then the performance increases are actually due to two effects;
namely, the noncircular search area and the reduction in the design probability
which would yield smaller search areas that would result in better maneuver
detection. Therefore, if the noncircular search area had been designed using
the same design probability as the circular search area, the noncircular search
area would have been slightly larger, thus giving even less of a performance
improvement than that observed in table 3, and since this improvement was insig-
nificant, the basic conclusion reached previously is still valid; namely that
the use of a noncircular search is unjustified.

The operational air traff ic control computer program has used fixed search
areas rather than the dynamic search area approach described above. Typically,
the size of the small search area was taken as 1.0 nmi, and the large search
area was 4.0 nmi. For completeness, two additional simulations were run to
ill ustrate the performance differences between fixed and dynamic sear ch areas ,
and these results are given in table 4 along with the corresponding results
from table 3 which are included for easy comparison. The results for the
circular dynamic search areas in table 3 will, in most cases, constitute the
baseline against which other tracking modifications will be compared. The
results presented in table 4 show the following:

(a) In almost all cases, the performance measures show that the fixed
search area results in greater errors than the dynamic search area; however,
the magnitude of the difference is only marginally significant.

(b) In all cases , the peak errors were greater using the fixed search
area than those observed using the dynamic search area.

(c) On a relative basis, the difference in the errors between the fixed
and dynamic search areas was greater for the slower moving target than for the
higher velocity target.

While the differences between the performance results in table 4 for the fixed
and dynamic search areas are what might be referred to as marginally signifi-
cant, it must be noted that , since azimuthal errors have greater significance
with increasing range from the sensor, the performance differences between
fixed and dynamic search areas will vary according to the distance from the
radar and the direction of the track. Since it is desirable to maintain the
same level of performance throughout the radar coverage area , the dynamic
search area, which is the means by which this goal is achieved , has a greater
significance than the results presented in table 4 indicate. Suffice it to say
that the efficacy of the dynamic search area has been demonstrated elsewhere
(reference 3) so that it is not necessary to consider the fixed search area to
any greater extent with the exception of the results given in Section 3.5.
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3.2 DELAY IN THE USE OF LARGE SEARCH AREA SMOOTHING CONSTANTS.

Several previous studies (references 5—7) have shown that there is some advan-
tage in using different smoothing parameters for the first large search area
return instead of the normal set of smoothing parameters used in the large
search area. The justification for giving special consideration to the first
large search area return is the possibility that the return may be spurious.
Spurious radar returns can arise in many different ways depending on the type
of radar being considered. For search radar data there is the possibility of
radar returns from weather clutter rather than aircraft returns, while for
beacon systems there are false returns due to reflections and also valid beacon
returns from targets using the same beacon code (or nondiscrete codes) which
may be incorrectly used in the tracking process. In the case of a straight—line
track, even for a valid large search area return for the target of interest, the
use of the large search area smoothing constants may result in an undesirable
perturbation of the track. For these reasons, there is considerable merit in

— treating the first large search area return in a different manner than sub—
sequent large search area returns. The alternatives which might be considered
for the first large search area return range from discarding the return alto—
gether (because It is “probably” a false return) to applying a very high weight-
ing factor (because it is “probably” the start of a maneuver). The evaluation
of these alternatives is dependent on the degree to which a large search area
return is thought to represent a maneuvering target or is thought to represent
a false return and the penalties associated with an incorrect decision. Gen-
erally, the use of an erroneous data point or application of the large search
area smoothing constants to a straight—line track are viewed as far more seri-
ous errors than the very slightly higher bias errors which result from waiting
one scan to apply the large search area smoothing constants. Results which
will be presented in a later section will illustrate the specific performance
penalties associated with the incorrect use of the large search area smoothing
constants in the case of a straight—line track.

For the purposes of this study , a compromise between the requirement to elim-
inate false targets and the requirement to minimize the bias in a maneuver
will be made; namely, the first large search area return will be weighted with
the small search area smoothing constants. In all cases when a delay in the
use of the large search area smoothing constants is specified , this implies
that the first large search area return is weighted with the small search area
smoothing constants. Since the considerations which determine the parameter
to be used on the first large search area return are more of an operational
and procedural nature (in the case of false targets) rather than being quanti—
fiable In a mathematical sense, It is not possible to formulate the parameter
choice decision into any of the standard optimization problem formulations.

The results of the simulations in which the use of the large search area
smoothing constants is delayed one scan and the small search area smoothing
constants are used for the first large search area return are given in table 5.
The baseline results, f r om table 3, are also given in table S under the columns
marked “No Delay.” The results in table 5 show the following:
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(a) In almost all cases, the performance measure results show that when
delay is introduced the errors are greater than when no delay is used ; however ,
the magnitude of the differences Is only marginally signifIcant even In the
worst case.

(b) In all cases , the peak errors were greater when delay was introduced;
however , in some cases , the peak error occurred one scan earlier (radial posi-
tion error for 400—knot targets), while In other cases the peak error occurred
one scan later (mean speed for 200—knot targets).

(c) On a relative basis , the differ ences in the errors be tween the delay
and no delay simulation results are generally greater for the slower moving
targets than for the higher velocity targets.

(d) In a few cases (usually in scans one and two or scans seven and
eight), the performance of the tracking algorithm with delay was slightly
better than that obtained without delay, but the magnitude of the improvement
was insignificant.

The results obtained in these simulations generally show the expected trends;
namely, that the bias errors in the case where a delay in the use of the large
search area smoothing parameters is introduced are larger than the case where
no delay occ urs; however , the differences are considered to be marginally
significant.

As will be shown in a later section, there is considerable justification to
accept the slightly larger bias errors which are found in maneuvers when delay
is introduced because of the performance Improvement of the bimodal tracking
algorithm for straight—line tracks. In no case are any of the slight addi-
tional errors due to delay thought to be significant, and, if necessary, the
same level of performance could probably be obtained with delay as without
delay by changing the values of the smoothing constants used. In fact , the
use of delay, with its implicit ability to more reliably descriminate maneuvers
from spurious returns, may allow the use of larger smoothing constants than
would otherwise be considered acceptable.

ExamInIng some of the additional simulation results, it was noted that the
number of large search area returns actually smoothed with the large search
area smoothing constants was significantly reduced when delay was introduced ,
as would be expected. The actual number of returns observed in each of the
simulations is given in table 6, and in the case where delay was used, it is
also noted how many of the large search area (LSA) returns were actually
smoothed with the large search area smoothing parameters. The magnitude of the
reduction between the total number of large search area returns and the number
smoothed with the large search area parameters In the case where delay was
used indicates that there must be a considerable nunber of cases where the
large search area returns occur individually or in pairs in order to achieve
the reductions observed. In the case of the 200—knot velocity simulation, the
number of large search area returns actually smoothed with the large search
area parameters was on the order of half the total number of large search area
returns. As would be expected , the number of large search area returns is
greater for the higher velocity target , which indicates a greater position
bias , as illustrated by the higher values for the radial position error.
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TABLE 6. NUMBER OF LARGE SEARCH AREA RETURN S OBSERVED
UNDER VARIOUS CONDITIONS

Vx”400 Vy 400 Vf’200 V~~20O

No Delay 3105 2864 2197 2114
With Delay

LSA Parameters Used 1971 1836 1124 1080
Total LSA 2997 2761 2151 2071

Total Returns
(LSA and SSA) 12500 12500 12500 12500

One other point which should be noted is that the total number of large search
area returns observed when delay is used is less than the total number observed
without the delay. This reduction indicates that several percent of the large -:
search area returns observed when no delay is introduced are probably caused
by the erroneous application of the large search area smoothing constants,
since it would be expected that the higher bias would result in an increase
in the number of large search area returns in a maneuver. This effect will
be examined further in the section dealing with the performance of the track-
ing algorithm for straight—line tracks.

3.3 VARIATION OF THE PROBABILITY USED TO DESIGN THE SMALL SEARCH AREA.

In all the simulations used for the results presented in previous sections in
which a dynamic search area was used, the design probability used to specify the
size of the small search area was 0.95. The design probability specifies the
theoretical probability that a valid return will be in the small search area
for a target flying in a straight—line constant velocity trajectory. The choice
of the probability used in the design to this point (0.95) was rather arbitrary,
with the prime consideration being given to reliably acquiring the valid data
in a high percentage of cases. An alternative consideration must now be exam-
ined; namely, for the bimodal tracking algorithm to switch to the proper smooth-
ing constants, it would be desirable to make the small search area as small as
possible in order to detect a maneuver before a significant bias can develop.
Since the goals of reliable data acquisition and rapid maneuver detection are

• antithetical, one can only be achieved at the expense of the other. In order
to determine the magnitude of the effect on the tracking biases, the probabil-
ity used to design the small search area will be reduced. Since the size of
the large search area is also dependent on the size of the small search area,
any reduction in the small search area will also cause a reduction in the size
of the large search area; however, the magnitude of the reduction is negligible,
in most cases, compared to the velocity—time product (see table 1). In addi-
tion, the large search area was designed on a worst case basis, which should
assure that the slight reduction In the size should be of no consequence.
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The final basis for the choice of the probability used to design the su~all
search area must be the tracking performance in maneuvers, so a quantitative
measure of the change in tracking performance versus search area size must be
obtained. From an operational viewpoint, It woul d be possible to determin ‘f
the small search area were too large simply by noting the number of large s drch
area returns obtained on straight—line tracks, since some should be observed if
the size of the small search area has been chosen properly. In order to design
the small search area on an analytical basis, the numerical procedure used in
the previous report (reference 1) was used to calculate the two parameters
needed to define the small search area as a function of range: the minimum
value and the slope, or rate of increase with range, and these two parameters
are given In figures 1 and 2 as functIons of the radar range and azimuth errors
for varIous design probabIliti,~s. The two search area parameters are primarily
a function of two variables , but in order to simplify the presentation of the
results one variable was held constant while the other one was varied instead
of varying both simultaneoulsy . This approach can be used because at short
ranges the minimum search area size is primarily a function of the range errors
and is independent of range, while at large ranges the search area size Is
primarily determined by the azimuthal errors so the size is specified by the
rate of increase with range. As a consequence, the minimum search area size
was calculated using the radius obtained from the results for a distance of
10 nini, while the slope was calculated from the results at 200 nml . The
approach just described was satisfactory for the range of values under con-
sideration except at very low values of the range error standard deviation
(<0.06) where the azimuthal errors become of greater significance and cause
the deviation from a linear relationship shown in figure 1. The results in
figures 1 and 2 are also dependent on other parameters not discussed in the
present report (suc h as the smoothing parameters) , so these results cannot be
generalized to other situations without considering the effect of the variations
with the other parameters , but these variations should be second—order effects.

The data in figures 1 and 2 were used to define a small search area with a
design probability of 0.75 , and a series of simulations was then run to determine
the impact of this change on the performance of the tracking algorithm. The
re~u1ts of these simulations are given in table 7, along with the baseline
results for a design probability of 0.95, and the results presented show the
following:

(a) As in other cases, the impact of the reduction In the design proba-
bility was found to be greater for the slower moving targets.

(b) The peak errors occur at the same scan for both design probabilities.

(c) In general, the reduction in the design probability from 0.95 to
0.75 resulted in a reduction in the bias errors of

— several hundreths of a nautical mile in position
— several knots in velocity
— and one to two degrees in heading.
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(d) The largest performa nce differences between the two design probabi l—
ities generally occur in the second or third scan of the turn , which is to be
expected since the bias would be developing on these scans and the change in
search area size would most likely result in switching the smoothing parameters
around this point .

The results obtained In these simulations show that the reduc t ion in the
design probabili ty for the small search area from 0.95 to 0. 75 does result in
measurable reduc t ions in the errors observed during a maneuver; however, these
reductions , which are sl ight l y greater than those observed for the noncirc ular
search area , are still relatively Insignificant as compared to the total  error
resulting from the maneuver. Unlike the reduction wh ich was found using the
noncircular search area , however , the reduct ions obtained by changing the
search area design probabi l i ty  were obtained with  only a change in parameter
value and did not involve any additional computat ion . Therefore , the des ign
probability used for the small search area should be kept rather high to
avoid erroneous application of the large search .irea smoothing constants , but
can be reduced from 0.95 to a lower value , probably 0.75 in an low as desirable ,
which will give a small improvement In tracking performance , but which can be
accompl ished at no addit ional  computat ional  cost.  Since the choice of the
design probabil i ty  used previously (0.95) was r athe r  a rb i t ra ry , one migh t as
well choose some other value if there is some benefit , however small , to he
gained at no additional cost.

The fact that the performance d i f f e ren c e s  for the change in search area des ign
probability are slightly greater than those for the noncircular search area
implies that , if differences of this order of magnitude are cons idered signif-
icant , then the measurement accuracy of the individual site is of greater impor-
tance than the shape of the search area. For this reason , the parameters
specifying the size of the search areas should he site—dependent parameters
with the capability of using a d i f f e r e n t  parameter value for each radar site
according to the measurement accuracy performance of the particular sit.e under
consideration . For example , the value used for  the standard deviation of the
azimuthal errors , 3 ACP , is the system standard , yet typical radar sites have
a standard deviation on the order of 2 AC T’ , wh i le val ues as low as 1.3 ACP
have been reported. An a result , the noncircular search area and the search
area design probability are seen to be second—order ef fec ts  compared to the
differences resulting from a change in the radar error distribution of the
magnitude indicated above . To specify the use of a noncircular search area
or to make changes In the search area design probabi l i ty  wi thout  making the
search area parameters si te dependent Is t o t a l l y  incongruous with  the basic

— objective of improving the tracking perfo rmance.

3 .4 TRACK IN( PERFORMANCE FOR STRAICHT—LINE TRAJECT0RlE.~~

— It has been shown in the previous sectIons how various factors a f fec t  the
performance of the tracking algorithm . The objective of the modifications
cons idered previously was to reduce the magni tude of the transient errors in
speed and heading, since these error s are an indicat ion of the unrespons iveness
of the tracker to maneuver ing targets. Another point of interes t in the

22

U ~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~ 
- -- -. --

-- ~~~~~~~ 
--



5~~

consideration of the tracking algorithm is th.e performance for straigh t—line
trajectories , since this constitutes the great major i ty  of time a track is
under observation. For this reason , it would be undes irable to make use of
modifications which improve the tracking per formance in maneuvers , which con-
sti tute only a small portion of the time a track is under observation, while
result ing in a degradation of the tracking performance for straight—line tra-
jectories . While the same performance measures used previously could be used
to express the results for stra ight—line trajectories, it was found more con-
venient to define a new set of performance measures specifically for straight—
line trajectories.

The performance of the tracking algorithm will be expressed in terms of the
normalized variance reduction ratios defined for the small search area
smoothing cons tants . Via this technique , it is possible to make a direct com-
parison between the performance of the tracking algorithm as measured by the
simulation results and the theoretical performance of the tracking algorithm
which is the optimum which can be achieved for this particular trajectory.
Expressing the performance results in this manner provides a direct indication
of the magnitude of the performance improvement possible , if any , since any
deviation from the predicted performance will be a degradation from the theo-
retically optimum tracking performance.

Using the same techniques as in a previous report (reference 8), the normalized
variance reduction ratios are computed as follows. Assuming the radar errors
in range and azimuth are unbiased and independent, the variances in the Cart-
esian coordinate system are given by

x (11)

2 2 2  2 2
~ — ( coso) a +(pain 6) O~y (12)

where and are the variances of the range and azimuth errors , respec-
tively, and p and 0 are the polar coordinates of the point of interest. For
an isotropic alpha—beta tracker , equations ( l ) — ( 4 ) ,  with constant coefficients,
it can be shown (e.g.,  reference 1) that the steady—state variance reductions
which result from the use of the tracking algorithm are given by

K — ~I~~~ 2a2 (13)
P cz (4—2 ct— $)

~~ (4—2cz—B) 
(14)

K ~cz~+~ (2—3 o) (15)
~

where K , K~, and KB are the variance reduction ratios , with respect to the
measuref.snt errors , in the predicted position , velocity, and smoothed position ,
respectively. The variance reduction ratios given above are only valid for
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cases in which the smoothing parameters are constan t so that if the smoothing
parameters vary , as in the bimodal tracking al gorithm , thee the interpretation
of what is meant by (13) to (15) is open to question.

If the requirements for the validity of the variance reduction ratios are met ,
then the variance of the errors at the output of the tracking f i l ter  will
simply be the variance at the Input , i.e. , (11) or (12) , depending on the coor—
dinate of interest , mult ipl ied by the appropriate variance reduction ratio. A
measure of the relative performance of a tracking algorithm would be to com-
pare the predicted tracking errors with those actually observed using the ratio
of the two quantities so that the closer the ratio of the observed errors to
the predicted errors approaches unity the better is the tracking performance
as compared to the optimum theoretically achievable performance . The relative
tracking performance ratio (re ferred to previously as the normalized variance
reduction ratio) in the case of the smoothed position is given by

s 2 N K~~~~ ( C~~(k) 
+ 

~~ (k)

) 

(16)

k—i o (k) o~~(k)

where

~ 
2 (k) ~~~~(X5 (k , I) — X ,~(k )) 2 (17)

— ~ V ( Y~~(k , I) — YT (k )) 2 (18)

and a~~
2 (k) and a 2 (k) are obtained using the true Cartesian coordinates ,

XT(k) and YT (k) ,~
’to calculate the true polar coordinates for use in (11) and

(12). Since the statistics used to calculate r8 are functions of the position
of the track with respect to the radar , the performance statistic r8, and
similar ones for velocity (r v) and predicted position (r p) ,  is an average over
the trajectory used in the simulation. By using the three performance measures
just defined, the simulation results can be summarized in a very simp le manner
without requiring the extens ive tabulations used previously . In addition to
the three performance statistics just  discussed , the standard deviation of the
heading errors will also be used as a performance measure.

It was stated previously that the variance reduction ratios, (l3)-(lS), are
only valid for constant smoothing parameters , so there is some question as to
what parameter values to use for the smoothing constants. Since a comparison
based on the variance reduction ratios will only be valid in a steady—state
situation, this implies a constant—velocity, straight—line t rajectory.  All of
the theoretical reduction ratios will be computed using the small search area
smoothing parameters , since these are the parameters which should be used if
it is known , a priori, that a straight—line traj ectory is under observation.
Any large search area correlations which occur will be the result of the
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statistical nature of the radar errors rather than the s tart  of a target man—
euver so that the heavier smoothing (larger cz and B values) used for large
search area correlations will be detrimental to the performance statistics,
which is the proper interpretation of a large search area return (and the use
of the large search area smoothing constants) in this case.

The simulation results for the straight—line tracks are given in tab le 8 in
terms of the performance measures just discussed. Results are pre8ented for
three distinct methods of handling large search area returns. The results for
the column denoted “No Delay” are for the case where all large search area
returns are immediately smoothed with the large search area smoothing param-
eters , while the results denoted “Delay” are for the case where the first large
search area return is smoothed with the small search area smoothing parameters
(the one—scan delay concept Introduced in Section 3.2). In the case of the
results denoted “SSA Values,” the large search area smoothing parameters are
not used at all , and each return is smoothed with the small search area smooth-
ing parameters. Since a circular search area is being used, it was not though t
necessary to vary both speed and heading, so only one heading was used in these
results.

One of the ju s t i fy ing  factors In the use of a one—scan delay before application
of the large search area smoothing parameters was the desire to avoid unwanted
perturbations of the tracking algorithm output because of occasional large
search area returns observed for s t ra ight—line  tracks . The results given in
table 8 confirm that  these occasional large search area returns (and their
associated smoothing parameters) cause considerable degradation in the per-
formance of the tracking algorithm as compared to the theoretical performance.
In the case of the velocity data , the standard bimodal tracking algori thm (with-
out delay ) produces errors which are 4.4 times larger than the theoretical
performance. The introduction of a one—scan delay , however , results in a con-
siderable reduction in both the position and velocity errors, with position
errors being a factor of 1.6 smaller and velocity errors a factor of 3.4 smal-
ler, bringing these errors down to approximately those obtainable theoretically.
When the large search area parameters are not used at all, the results improve
even further and are very close to one , as expected , since this is the constant—
coeff ic ient  case assumed in the derivation of the variance reduction ratios,

— 
( 13)—( 15) , and confirms the validity of the simulation model. The smoothing
equations in this case are linear , since the nonlinear e f f e c t  of the bimodal
operation of the tracking algorithm has been eliminated and the fact that the
normalized variance reduction ratios are so close to one indicates that the
theoretical basis for the performance predictions is very good. A significant
reduction (about 46 percent) In the ma gnitude of the standard deviation of the
heading error was also noted when the one—scan delay was introduced.

Another important performance measure of interest Is the number of large search
area returns actually smoothed with the large search area smoothing parameters
as compared to the total number of large search area returns. The large reduc—
tion (of about 24 percent) observed in the total number of large search area
returns in the case where delay was used shows that about one in four of the
large search area returns Is actually caused by the erroneous application of
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the large search area smoothing parameters in a situation in which the use of
these parameters is inappropriate , namely straight—line tracks. When the large
search area smoothing parameters are not used, the total number of large search
area returns is slightly lower than when one—scan delay is used, and the number
of returns agrees very well with the expected number of large search area
returns based on the design probability for the small search area, 0.95, imply—
ing 5 percent (or 1,250) of the returns are in the large search area. The
simulation results in this case are considered to be in very goo d agreement
with theory (1,482 and 1,307 compared to 1,250) when all the approximation.
and assumptions used in the probablistic design of the small search area are
considered.

The obvious conclusion which must he reached with regard to the one—scan delay
is that due to the highly significant improvement in the tracking performance
for straight—line tracks, which are the majority of tracks under observation,
and the relatively insignificant change in the transient performance, the use of
a one—scan delay should be incorporated in the tracking algorithm in connection
with a dynamic search area. Previous studies (references 3 and 9) have also
considered the one—scan delay to be useful.

3.5 INTERACTION OF VARIOUS )i)DIFICATIONS.

In the previous sec tions, only one modification of the basic bimodal tracking
algorithm was considered at a time, yet there could be either beneficial or
adverse interactions between various modifications. It would not be feasible
to consider all possible combinations of modifications and scenarios, since the
number of simulations required would grow exponentially. However, a limited
number of simulations were performed in which interactions were considered,
but if nothing significant were found, these results were not presented. For
example, simulations of a noncircular search area with delay were performed,
but the results closely parallel those obtained using a circular search area
with delay and so were not reported.

Certain combinations of the tracking algorithm modifications may prove to be
beneficial in that the adverse performance in one may be offset by a perform-
ance improvement in the other , with the resulting combination yielding an
acceptable level of total performance. One example of two complementary modi—
ications is the combination of the one—scan delay and a reduction in the search
area design probability. It was shown previously that the use of a one-scan
delay before use of the large search area smoothing constants results in a

- 
. considerable improvement in the straight—line tracking performance of the

bimodal tracking algorithm; however, it was also shown that the introduction
of a one—scan delay results in an Increase in the peak transient errors for
maneuvering targets. A reduction in the search area design probability was
shown to result in a decrease in the peak transient error , so a natural com-
bination would be the use of one—scan delay with a reduced search area design
probability. It would be hoped that a synergistic effect would be observed
in which the reduced design probability compensated for the increase in the
peak transient produced by the one—scan delay, and yet the increase in the
number of large search area returns due to the reduced design probability
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will result in some loss in performance for straight—line trajectories.
As a result, a parametric study of tracking performance was made to determine
the magnitude of the changes which result from these two modifications and to
allow a tradeoff between the two performance measures of interest which will
result in an acceptable design compromise.

The simulation results to evaluate the combination of a one—scan delay with a
reduced search area design probability are given in figure 3 and table 9. The
scenario is the same as that used previously with V

~
l”2OO knots, and some of the

results in table 9 were obtained from tables 4 and 5 and are repeated here
to facilitate comparison with the new results. The results presented in
figure 3 show the straight—line performance of the tracking algorithm as a
function of the search area design probability for the cases with and without
delay, while the data tabulated in table 9 give the transient performance for
several search area probabilities. In both cases, the results for a fixed
search area (without delay) have also been included to provide a comparison
with the present bimodal tracking algorithm as it is used in practice. It
should be noted that as the search area design probability approaches one, the
effect of the one—scan delay becomes negligible, and the results for the two
cases approach the same limiting values as shown in figure 3. The simulation
results for the case where a one—scan delay Is used show that the performance
measures decrease in an approximately linear relationship (on semilogarithmic
coordinates) as the design probability increases. Comparing these results to
the fixed search area results, it is seen that, for design probabilities in
excess of about 0.8, all performance measures for the dynamic search area with
one—scan delay are better than those for the fixed search area for this partic-
ular scenario. When the one—scan delay is not used, the performance measures
are significantly less sensitive to the design probability , with significant
changes occurring only when the design probability is in excess of 0.9, and in - -

order to improve the tracking performance over that of the fixed search area,
a design probability greater than 0.98 must be used. In general, the use of a
dynamic search area with one—scan delay can result in significant reductions in
the velocity and heading errors for straight—line trajectories as compared to
the performance for a fixed search area or for a dynamic search area with no
delay.

The motivation for reducing the search area design probability in the case
where the one—scan delay is used is to improve the transient performance, and
the simulation results in table 9 show the trends expected; namely, that as
the design probability is reduced, the transient errors are also reduced.
Comparing the peak mean heading error and the peak radial velocity error, in
the case of a fixed search area, with those of the dynamic search area with

- 

- 

one—scan delay, it is seen that the fixed search area results fall between the
dynamic search area results for design probabilities of 0.85 and 0.95 and
should be approximately equal at a design probability of 0.9. In summary, the
transient errors for the dynamic search area with delay are less than those for
the fixed search area when the design probability is less than 0.9, while the :~straight—line tracking performance of the dynamic search area is better than
that of the f ixed search area without delay for design probabilities greater
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than 0.8, so that a compromise value of the design probability for the c~ynamic
search area with delay might be 0.85. For a design probability of 0.85, the
peak radial velocity error is 8.9 knots less than that for the fixed search
area, the peak heading error is 3.37 degrees less, and the radial position
errors are significantly less (e.g., on scan eight, 0.4369 to 0.2807, or a
reduction of 36 percent), while the straight—line tracking performance meas-
ures , r.~,, r , r8, and o~ , are reduced by 29.1, 11.0, 7.7, and 22.4 percent,
respectively. The reduction of the design probability to 0.85 has signifi-
cantly reduced the increases in the transient errors which occurred when the
one—scan delay was introduced at a design probability of 0.95.

The results obtained in this section show that the dynamic search area with
a one—scan delay can result in a substantial reduction in the tracking errors
for straight—line tracks, as compared with the results for fixed search areas,
while at the same time reducing the peak transient errors for turning tracks,
although the reduction in this case is, admittedly, insignificant. The value
of the normalized variance reduction ratio for velocity ‘ising fixed search
areas was found to be 3.1 or, in other words, the performance of the tracking
algorithm using the fixed search areas was 3.1 times worse than that theoret-
ically obtainable using an alpha—beta tracking algorithm. The magnitude of the
difference between the actual performance and the theoretical performance indi-
cates that there is considerable room for improvement in the performance of
practical tracking algorithms.

The importance of the results presented in this section is that it has been
shown possible to obtain an improvement in tracking performance for both
straight—line and turning trajectories. Thus, the dynamic search area with
a one—scan delay has been shown to be the means by which this performance
improvement can be realized. It should be noted that at no time during this
study was any consideration given to changing the smoothing parameters, so
the possibility exists that even more significant performance improvements
can be obtained by allowing the use of different values for the smoothing
constants.

4. SU}NARY AND CONCLUSIONS

In the design of practical tracking algorithms, it is frequently necessary to
use several sets of smoothing constants to obtain acceptable performance for
both straight—line and maneuvering targets. The simplest example of such a
tracker is the bimodal algorithm studied in this report in which two sets of
smoothing parameters are used with the selection of the smoothing parameters
dependent on the magnitude of the deviation between the predicted position of
the track and the measured position of the target datum. Tf this deviation is
small , then the smoothing parameters appropriate to a straight—line trajectory
are used , and this region is referred to as the small search area. Since the
tracking filter assumes a straight—line constant velocity trajectory to cal-
culate the predicted position, when a target maneuvers, a bias will develop
because of the violation of this assumption, and this bias will cause the dif-
ference between the measured and predicted positions to become sufficiently
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large tha t the data point will  fal l  in the large search area , which is the
region in which the smoothing parameters appropriate to maneuvering targets
are used. As a result, the size and shape of the small search area controls
the responsiveness of the tracking algorithm to maneuvers, since it controls
the point at which the transit ion from one set of parameters to the other is
made. By making the search area size proportional to the radar errors, it is
possible to design a dyn amic search area which is adaptive to the radar errors
observed at the point of interest and will thus ensure that the same level of
tracking performance is maintained throughout the coverage area of the radar.

Since the switching of smoothing parameters is a nonlinear operation , it is not -

possible to evaluate the effects of changes In the search area via the standard
linear theory which is applicable to a const&~nt coeFficient alpha—beta track-
ing filter. As a consequence, the evaluation or the nonlinear interaction
between the smoothing parameters and the search area must be done on the basis
of the actual algori thm and search area of interest .  The work reported in
this study involves changes in the structure of the tracking filter to search
area interaction and is not concerned with the tracking parameters per se,
since optimization of the tracking filter structure must precede any attempt
to optimize the smoothing parameter values.

There are two important considerations in the evaluation of the interaction
between the search area and the tracking filter. The first is that the erro-
neous application of the large search area smoothing constants on straight—line
trajectories causes an undesirable perturbation of the tracking f i l te r  output ,
which results in tracking performance significantly worse than that theoretically
possible. Therefore, it is desirable to make the small search area as large
as possible in order to suppress large search area returns which may be erro-
neously taken as the start of a maneuver. On the other hand , the second con-
sideration is that, in order to minimize the transient or bias errors which
develop during a maneuver, it would be desirable to make the small search area
as small as possible in order to detect the onset of a maneuver as soon as
possible so that the bias can be minimized by application of the smoothing
constants appropriate to a maneuver. Variations In the size and shape of
the small search area will , therefore , cause a t radeoff  between the tracking
performance for s traight—line and maneuvering targets. In order to maintain
the same level of performance throughout the coverage area of the radar, they
must be dynamic as opposed to fixed so as to vary with the magnitude of the
radar errors.

In Section 3.5, an example was given in which a tradeoff was made between
straight—line performance and maneuver performance which achieved an overall
level of performance which was better in both cases than that achieved by the
tracking algorithm presently in use in which fixed search areas are used. The
means by which this was achieved was to use a dynamic search area generally
smaller than that presently used (for good maneuver detection) but to incor—

porate a one—scan delay before the application of the large search area
smoothing parameters (to obtain good straight—line performance). The result
of this cotrbination was a tracking algorithm with improved performance for
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both straight—line and maneuvering targets. In practice, if very few large
search area returns are noted on straight—line tracks relatively close to the
radar , then the small search area is too large and will give poor maneuver
detection.

The one—scan delay in association with a dynamic search area is one combination
of tracking algorithm modifications which was particularly useful in terms of
improved tracking performance. One modification which was not found to be
particularly useful in terms of improved tracking performance was the noncir—
cular search area. Intuitively, a noncircular search area should give better
maneuver detection because the shape more closely matches that of radar error
distribution, and this is, in fact, correct, but the magnitude of the tracking
improvements which resulted from the use of a noncircular search area was found
to be negligible. Typically, the mean speed error was on the order of 1.5 knots
smaller for the noncircular search area, while the mean heading error was on the
order of 1 degree smaller , but the magnitude of these improvements is insignif-
icant when the computational burden required to implement the noncircular
search area is considered. If the computational resources required to
implement a noncircular search area are of no consequence; however, then this
technique might be considered acceptable.

On the other hand it was found that even larger improvements could, in fact,
be obtained when the size of the circular search area was reduced, which can be
accomplished by a simple parameter change with no additional computational
burden being imposed. One conclusion which is quite obvious from these results
is that, in order to obtain a uniform level of tracking performance throughout
a multiradar tracking environment in which the accuracies of the radars are
not uniform, it is necessary that the parameters defining the search areas
should be site—dependent so that the parameter values can be chosen to match the
error performance of the particular site from which a radar datum is received.
Such a modification would ensure that the maneuver detection capability of the
dynamic search area is used to the greatest extent possible.

The fact that the straight—line tracking performance of the fixed search area
tracking algorithm was found to be over three times worse than that theoreti-
cally achievable by an alpha—beta tracker indicates that there is considerable
room for improvement in both the straight—line performance and the maneuvering
performance of the tracking algorithm. Since it was relatively easy to find
a modification which would improve the tracking performance in both cases, it
is apparent that there are ways by which the present tracking algorithm can be
improved, and this is especially true when it is noted that the smoothing
parameter values were not changed in order to achieve any of the results pre-
sented in this study. Using the additional degrees—of—freedom available when
changes in the parameter values are permitted , it should be possible to obtain
an even greater improvement in the performance of the tracking algorithm, and
this improvement will most likely be found in terms of a reduction of the
transient error during maneuvers. The results presented here are a first step
in an attempt to optimize the performance of the bimodal tracking algorithm
used in the en route air traffic control environment. Additional analytical
work is needed to obtain the full performance potential of this algorithm. A
more complete evaluation in an environment more representative of actual
operational conditions would then be warranted.
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