FR-8238

Track Initiation in a Dense Detection
Environment

J.D. Wilson
G.V. Trunk

July 28, 1978

Naval Research Laboratory



(peiejug wiwg vaypy) 39¥d SIHL 4C NOILYDIJISSY 1D ALIMNDIS

L099~P10-47T-Z010 Ny§

31370580 5159 AON ¢ 40 NoKLIas  §/P] ‘t{;‘;: '

ada

‘pajustua[dunl AfipeaX SI0W 3¢ URD 1Ry} SW)LIofE
a1edwiod 0) Yorym ypm piepuels g sapraoad 11 ‘sjuswisainbaz [euoreInduios snowoua a1y Jo
8sned9q pajuawaldunl aq jouued poysH poOyIEYI[ WNIXEW Yy AYM  weigoad uonenIUl

91} 10] pP3JeN[eAs pUue Paje[nulio] s SUeds [[B U SUOIJI8)8p ([ SUIAJOAUL UOTINIOS pooyiEyI]
Wnuwxew Jy, ‘siseq Ueds-£g-Ueds v U0 pelaojiad st Buisseoord uaym SYOrI} as[e] IaNpPOIIUL

Alqejasul 1M SWYIIOR[R URDS-a[IM-3orI) JUssazd JuamuoIIAUS Uuorjdajep asuap B uj
(requunu ¥oo1q Aq £J11epF PUR AIREERIAL | GP[¢ ¥EiNAGs LD enujues) LOVYERLISEY

0z

UOERIUL POOYIRYI] WAWIXeY
uonenuIs ja8ie) repey

sprex jadae],

uoneRYIul OB,

(1equnu ¥o0[q Aq AF[JUOP| Ptw {IWEESdeU }] 0P8 DEIPAS O QOURILOS) SOHOM A3M

61

SILON AUV INIWIIddNS

kL

(Modey woyy JusisijIp j| '0Z ¥20Ig Ul PRISIGR Joesieqe Oy; Jo) INIWIALY LS NOILNAIH15IQ

Ll

pajuuiun uonnquisiq ‘eseslay srqng 103 pasoaddy

{14009y S1W) J2) LNIWALYLS NOILNEIM IS

1

37NQ3HOS
SNIGYHONMOQA /NOILYDI4I1S5Y 1230 @)

paiyissepup)

{1iodes v)y) J0) 'SSY 1D ALIHNDES S

(o270 Bupijoauon wouj jueiofip J1)S53HA0Y § IWVN ADNIOY SNINOLINOW -

¥g L1Z2T VA ‘uojduipy
SAOVd 40 HISWNN gy [oIeasay [BABN JO a21J10
8L6T ‘8T £np KaBN ayj Jo quawizreda(]
ILYQ LHOd3IY 7| SS3HOAY ONY JWYN 32340 ONITIQULNOD 1y
19-60-710-HYH 100i01g
NESTTO jusaly GLEQZ D' ‘uojdurysem
TOT'1S-6TYH Wafqoid THN - Arojeroqe] yoreassy [BAeN
SHIEWNN LINN Hy¥OM B ¥3IHY
MSY L ‘LDATOHA 'LNIANITI WruOOdd o) SSIHQIY QNVY WY N NOILYZINYOHO ONINHCIHIL 6

UGS "0 [ Pue JUNLL "A "D

(#)4IBWNN LNYHO O LDOYHINOD ‘g {FJHOHLNY

HIGWNN LEHOdIN "OHO ONINHO4AH3d "9

LINIJWNOYIANT
waqoid ayj jo NOLLOMILAA ISNHA ¥V NI NOLLVILINI dDVHL
aseyd suo uo podax Areunuiarg
UIHIAO0D AQIMEd § L¥OL3IY 4C I4AL 'S5 (3apngrs pue) 371L1L p
2e78 1oday TUN
MIHANNN DOIVLIYS S, LNIIJID3W £ ['ON NOISSIDOY LAO0D Z HIBWNN tH0diy |
N oL L v 38 39vd NOILYLNIWNIO0Q L¥043IY

(psaviuy 238 voyy) ADVd SIHL 40 NOILY DI41S5Y 1D ALIL}F\J]‘;




SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

SECURITY CLASSIFICATION OF THIS PAGE{#hen Dare Entzred)




CONTENTS

INTRODUCTION ........iiiiiiiiiinainnnnn. 1
MAXIMUM LIKELIHOOD METHOD . .............. 3
CALCULATION OF MAXIMUM LIKELIHOOD ..... 7
PARAMETERS FOR DATA GENERATION AND
OPERATION OF THE SIMULATION ........... 8
DatalnputCards ............ ... ... 8
RESULTS ..ottt ettt ee e ieaean, 11
Informationin Tables ......................... 11
Examples—Maximum Likelihood Method ......... 11
CONCLUSIONS ... e e i inean 19
REFERENCES ......... ... . . ... 19
APPENDIX~Likelihood of Merged Targets........... 20
1ii







TRACK INITIATION IN A
DENSE DETECTION ENVIRONMENT

INTRODUCTION

Track-while-scan systems were first proposed for surveillance radars during the 1950’.
If the probability of detection per scan is high, if accurate measurements are made, if the
target density is low, and if there are few false detections, the design of the correlation logic
and tracking filter is straightforward. However, in a realistic radar environment these assump-
tions are never valid, and the design problem is difficult. This paper will consider the
problem of track initiation in a dense detection environment.

In Fig. 1, there are three tracks, and each track is detected five times. While it is ob-
vious that there are three tracks present, many tracking systems would initiate incorrect
tracks because they only associate the nearest detection with the predicted position of a
tentative track. Moreover, the situation in Fig, 1 rarely occurs; the situation in Fig. 2 is
more common. Figure 2 is of the same three tracks; however, several detections have been
merged (i.e., individual targets are not resolved), three detections are missing, and two false
alarms have been introduced.
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Fig. 1 — History of five scans of three tracks
showing all detections present

The optimal solution of such problems has been generated under ideal conditions.
Specifically, the maximum likelihood solution has been developed under the assumptions
that the probability of detection, the probability of false alarm, the probability of target
resolution as a function of target separation, and measurement error characteristics are all
known a priori and that all targets are moving in straight lines. (A somewhat similar

Manuscript submitted May 4, 1978 .
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Fig. 2 — History of five scans in which dstections were missed,
detections were merged, and faise alarms oceurred

approach was used by Stein and Blackman [1}; however, they did not consider resolution
problems.} Even if all the above assumptions were true, the maximum likelihood method
cannot be implemented in the foreseeable future because of the enormous computational

ioad. However, it is still useful because it provides a standard with which 1o compare al-

gorithms that can be more readily implemented.

There are two basic problems with the maximum likelihood method. The first prob-
lem is fundamental and concerns the tendency of the maximum likelihocod method fo in-
dicate two tracks {with many unresolved detections) when a single delection is close to a
single track. This problem was solved by penalizing tracks with unresolved targets or miss-
ing detections. A defailed descripiion of the maximum likelihood method is given in the
next section.

The second problem is the computational load. Since search techmigues cannot be
used to maximize the likelthood functions because of the large number of local maxima.
the concept of a “feasible frack” was introduced, a feasible track consisted of a specified
number of detections lying within a specified distance of a siraight line, Then the maxi-
mum likelihood of occurrence of each combination of the feasible tracks was evaluated.
If there were N feasible tracks and one is interested in up to M track combinations,
b {¥ ylikelihood functions would need to be evaluated. For instance, if N = 30 and
M= 4, the number of likelihoods calculated is 31930, This problem is discussed in the
section entitled “Calculation of Maximum Likelihood.”

A briefl description of how the radar data are generated is given in the section entitled
““Parameters for Data Generation and Operation of the Simulation,”and the resiitiz of the
maximum likelihood method applied to various target geometries containing one {o four
tracks and several false alarms are given under “Results.” The final section, Conclusions,”
sumimarizes the resulis and suggests a practical solution that is presently being investigated,
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MAXIMUM LIKELIHOOD METHOD

The maximum likelihood method involves calculating the total probability that a given
set of detections correctly represents a specified set of tracks. The prcbability of detection,
the probability of false alarm, the probability of target resolution as a function of target sep-
aration, and the measurement error characteristics are all taken into account in the calcula-
tion of the likelihood. To facilitate the mathematical description of the likelihood method
the following terms or definitions are used:

Ng = the number of scans
Nqp = the number of tracks
Np = the total number of detections
Np 4 = the number of false alarms
Ny = the number of missed detections associated with the Ny tracks

Npp = the number of detections involved in resolution problems (i.e., number of de-
tections used in at least two tracks)

Npp(k) = the total number of tracks using the k-th detection which is used in at least
two tracks

x;; = the range of the detection associated with i-th track on the j-th scan. If there
is no detection associated (i.e., track has a miss associated), x; = 0

Yij = Fhe predicted range of the j-th track on j-th scan-assuming a straight line tra-
jectory

Aliof the above variables are not independent. The following relationship holds:

Np =Ng Np -Ny -Npp + Nppt Npy, (1)
where Npp
NTR = Z NTR(k)'
k=1

The difference between predicted and measured position is assumed to be Gaussian
distributed with zero mean and a variance of 02. Thus,
- (xy-v;5)2 /202

B(x-yy) = (Smo?)irz © (2}
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For later use, it will be convenient to introduce the expression
1, x§j=00rxij=x;§£%,§
flay-vy) = {3)
Y2 2
e (xy-vy)% 120 otherwise,

Assuming that the probability of detection Ppy is known, the probability of obtaining the
specified number of detections is

Ny P (1-Fp) (4)

The probability of not resolving any Npgp(k) = Ny, tracks which use a common defection
x;, is calculated by first ordering the predicied positions, so that

Y, [y, S..Sy,
1 tg N

kb

where for notational convenience the subscript denoting the scan has been dropped. When

one lets D, =y, -, X the probability of not resolving any N, {racks is given by
] =
Np
Ppixyy= I PDy (5)

In this case the probability of not resolving two tracks separated by distance I {discussed
in {21} is given by

1 D<17R
P(D} = {(2.6R-D)/(9R} 1.7R <D <2.6R, (6)
0 D> 26R

where R is the 3-dB pulse width {range cell dimension}. Furthermore, the position of x;,

is the sum of two random variables: one uniformly distributed between Yiy and Yipg » and
the other Gaussian distributed with mean zero and variance ¢2. In the appendix 1t is shown
that the likelihood of x), can be approximated by

2 ,, 2 —_—
Pyixy) = (eki%0 V) Max(y;yy =i v 2u02), N
where
€, = Max (0, x - Yigg, ¥y = %) {8)
4
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is the distance from x,, to the nearest detection if x; lies outside of the interval defined
by the predicted positions; otherwise €, is zero. Finally, the number and position of false
alarms in the range interval of interest R; is given by the Poisson density

N - NFA -AR
(A_RI) FA e ?\RI _ h e A 7
PFA(NFA) = NFA ——————— (9)
(Npa)l (By) Npa )t

N
where A is the false alarm density per unit length and the (R;) FA factor in the denomina-
tor was due to the fact that the false alarms are uniformly distributed in range.

In terms of the previous expressions the likelihood of an Ny track combination is given
by the following:

L(Np)=Ppa(Npy)-

NSNT NSNT_NM 1P NM
P (1- :
N, J®p) D)
NgNp-Ny-Nyp Ny N
(2ma2)1/2 II I feyy) -
=1 =1
Npr
IT  Pglxp) Potxy). (10)
k=1

The first line represents the false alarm probability, the second line represents the de-
tection probability, the third gives the measurement error probability, and the last gives
the resolution probability. The maximum likelihood method involves assigning to each
i-th track (yielding predicted positions ¥;;) a sequence of detections (xij) that maximize
the values calculated by formula (10).

As presently formulated, the maximum likelihood method would have trouble with the
target geometry shown in Fig. 3. Let the n-tuple (I, Io, .., I,;) represent a track, where I;
is the detection associated with j-th scan of the track, In Fig. 3, there are two tracks, (1,2{,
1,1,1} and (2,2,2,2,M); M represents a miss, and detection 3 on scan 1 is a false alarm. How-
ever, the maximum likelihood method defined by (10) will yield the solution involving the
three tracks (1,1,1,1,1), (2,2,2,2 M), and (3,2,1,M,M). The latter case is more likely (as de-
fined by (10)) for the following reasons: the false alarm likelihood has been increased by
6 X 104 (by eliminating the false alarm), the detection likelihood has been decreased by 0.6
(12 out of 15 detections instead of 9 out of 10 detections), the measurement likelihood is
increased by removing a (1/2m02)1/2 factor (two detections declared resolutions but one de-
tection added) and by eliminating two Gaussian errors, and the regolution likelihcod is
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decreased by 1/2702. Thus, since 6 X 104 is greater than {1/2m02)1/2 the likelihood
for three tracks is larger than the hkelihood for two tracks. As formulated by {10}, the
maximum likelihood method will always try {o eliminate false alarms by introducing false
{exiraneous) tracks.

To eliminate this problem, two Iactors have been introduced. One factor penalizes
tracks that have unresolved detections, and the second factor penalizes tracks that have
missing detections. Thus, the modified likelihood is given by

Npp-N N
Ly(Np) = LONpY(FR) ) (1)

Usually, we take 1>Fy,>Fp. The values presently being used are Fy, = 0.2 and Fp =01
For the rest of this paper, the maximum likelihood method will be implemented by (11).
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CALCULATION OF MAXIMUM LIKELIHOOD

Search techniques cannot be used t¢ maximize the likelihocod function (11) because of
the large number of local maxima, To solve this computational problem the concept of a
feasible track was introduced. Then the maximum likelihood of each combination of feas-
ible tracks was evaluated.

In this study, five scans were considered, and a feasible track required at least three
detections. Furthermore, all detections in a feasible track were required to be within 2.6
range cells of the line joining the first and last detections. If two feasible tracks differ only
by misses, for instance, (/;,1s, I3, I4, I'5) and (M, I,, I3, I, M), the track with additional
misses is retained only if its velocity differs from the other track velocity by more than
9.14 m/s (30 ft/s), where velocity is determined from the first and last detections.

Next the maximum likelihood is calculated for all single tracks. A direct search tech-
nique is used to determine the target’s position on the first and last scan. For each detec-
tion associated with the track it is determined whether it is more advantageous to label the
detection as coming from the track (with its associated Gaussian error) or whether to de-
clare a false alarm and a missed detection*. At the end of this process, if a track has a de-
tection for each scan, it is called a “perfect” track.

Next, the likelihcod is calculated for each possible two-track combination. That is,
if there are 30 feasible tracks, there are 30(29)/2 = 435 two-track combinations. However,
if the two tracks do not have any common detections, the two tracks are said to be “iso-
lated”’and the maximum likelihoods for the single tracks are used. If the two tracks do
have common detections, each track is considered to extend from its first to its last detec-
tion. For each detection associated with only one track, it is determined whether it is
more advantageous to label the detection as coming from the track (with its associated
Gaussian error) or whether to declare a false alarm and a missed detection. For detections
common to both fracks, one of three actions is determined upon: 1) to declare the tracks
unresolved, 2) to associate the detection with the nearest track and declare one target miss,
or 3) to declare two missed detections and a false alarm. It should be noted that all of the
previous calculations proceed on a scan-to-scan basis. Therefore, it is possible to obtain a
slightly different likelihood if the scans were evaluated in a different order (e.g., if one
introduced a miss on scan 2, one may not want — or be allowed — to introduce a miss on
scan 3).

After all two-track combinations are evaluated, all three-track, four-track, etc., com-
binations are evaluated. Usually, if the true answer is an n-track combination, all n+1-track
combinations are evaluated. Next, the best track combinations (usually the best 5 to 10
are saved) are maximized by the use of direct search techniques in which each target’s posi-
tion on the first and last scan is varied. Finally, the track combination with the muaximum
likelihood is chosen as the correct series of tracks.

* A miss is never introduced if the miss lowers the number of detections below that required for a
feasible track.
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When a large number of tracks is present, the computational time on NRL’ ASC com-
putor can become exorbitant, For instance, calculation of the likelihoods for a four-track
combination of 50 feasible tracks requires over 2 minute. Thus, to increase computation
speed the method was modified to take advantage of “perfect’ tracks — those that have de-
tections on each scan. Since it is very likely that the perfect track will be in all the high
likelihood track combinations, only track eombinations that include the perfect track (or
tracks) will be evaluated. For instance, if there are 30 feasible tracks and tracks 2 and 8
are perfect tracks, only one two-track combination, 28 three-track combinations, and {28)
{27)/2 four-track combinations will be evaluated. Thus, for this exaimple only 407 {1 +
28 + 28(27)/2) track combinations need be evaluated instead of all the 31 900 possible track
combinations: {30(29/2} + 30{29) (28)/6 + 30 (29) {28) {27)/24).

PARAMETERS FOR DATA GENERATION AND QPERATION OF THE SIMULATION
Before the results of several simulations are given the data generation technigue will
be desecribed briefly. The targefs are assumed to be travelling in straight lines ai constant
speeds. The radar detections are generated on a scan basis in the following manner: A
decision is made on whether or not a target is detected. If a target is detected, its poszition
is calculated according fto the straight line, and a Gaussian wander is added to iis position,

Next, false alarms are generated accerding fo a Poisson density, and all the detections are
ordered in range. The detections are examined, and it is decided whether adjacent detec-

tions should be merged. If a detection is not merged, a Gaussian measurement etror is
added. H several detections are merged, all merged detections are replaced by a single de-
tection whose range is 2 Gaussian measurement error added to a detection uniformly dis-
tributed between the nearest and farthest merged detections.

Data Input Cards

The data generation and simulation operation are controlled by four or six input cards,
The parameters covered by the cards and their formats are as follows.

Card 1 {15 parameters, 1515 format)
1. The number of targets (V)
2. The number of scans
3. The first repetition case
4. The last repetition case
5. The number of best (high-likelihood) track combinations saved

B, The smallest track combination {minimum of 1}




NRL REPORT 8238

7. The largest track combination (maximum of &)

8. Starter for random number generator

9, Track indicator: either tracks inputted (NCAL = 1) or tracks calculated (NCAL. NE. 1)
10. Print contrel: IPR = 2 (mimimum), IPR = 1 (intermediate), or IPR = 0 (detailed)
11. Number of misses allowed in a feasible track
12, If NREV =0or 1, do only 1 power iteration; otherwise do 2,
13. NOPT = 0 or optimal number of tracks (optimal track groups must be supplied as the
last cards)
14. Is a minimum number of perfect tracks required? If negative, do not limit to perfect
tracks.
15. TPLOT = 0, no plot; IPLOT = 1, plot ranges; and IPLOT = 2, plot normalized ranges

Card 2 (6 parameters, 5F10.2 format)

1.

2.

Probability of detection, actual

Average number of falge alarms in range interval, actual
Variation of true position (in range cells), actual
Variation of measured position (in range cells), actual
Average track velocity (ft/s), actual

Standard deviation of track velocities (ft/s), actual

Card 3 (7 parameters, TF10.2 format)

1.

2.

Far range of interval of interest (ft)

Near range of interval of interest (ft)

Range cell dimension (ft)

Allowable velocity change of each track from average (0 to 1)

FSVEL. GE. 0.1: no velocity constraint for individual feasible tracks
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8. Average track velocity (ft/s}), assumed

7. Standard deviation of frack velocities (ft/s), assumed

Card 4 {9 parameters, 8F5.2 format)
1. Probability of detection, assumed
2, Average number of false alarms in range interval, assumed
3. Scan time {s)
4. Variation of true position {in range cells), assumed
5. Variation of measured position {in range cells), assumed
6. Allowable distance between detection and track {in range celis)
7. Allowable velocity difference between feasible tracks {ft/s)
8. Penalty factor for resolutions (Fp}
9. Penalty factor for missed detections (Fy,)
If tracks are specified (NCAL = 1, parameter 9 on card 1), as opposed to being ran-
dom, cards § and 6 are used.
Card 5 (N parameters, 8F10.2 format)
1. Range {ft) of first target

2. Range (1) of second target

N, Range (ft} of N-th target

Card 8 (N parameters, 8F10.2 format)
1. Speed {ft/s} of first target

2. Speed {ft/s) of second target

N. Bpeed (ft/s) of N-th target

10
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If one desires to evaluate a specific track combination, one can accomplish this by
setting NOPT # 0 (parameter 13, card 1) and by supplying one card for each repetition.

Last Cards; one for each repetition (NOPT parameters, 15I5 format)
1. Feasible track 1

2. Feasible track 2

NOPT. Feasible track NOPT

RESULTS
Information in Tables

The pertinent parameters, excluding the target parameters, are given in Table 1, and
the target parameters are given in Table 2, The maximum likelihood approach was applied
to 10 independent realizations of the 5 cases given in Table 2; the results are summarized
in Table 3. Of the 50 cases run, 7 were incorrectly identified. However, it was judged
{by the authors) that all 7 incorrect solutions were the most reasonable result. In most
cases where the number of tracks was underestimated, the true track contained fewer than
three detections and these were judged to be false alarms. The two cases where the
track had a velocity error greater than 10% occurred because the track either used a false
alarm or stole a detection from another track.

Examples — Maximum Likelihood Method

Ten examples of radar detections of a four-track situation will be reviewed to illustrate
the maximum likelihood method. The detections made on five scans on each repetition are
shown in Figs. 4(a) through 4(j). In each figure the total range interval is 3.7 km or 2 n.mi.
Note that for presentation purposes the ranges have been normalized by adding 1524 m
(5000 ft} per scan, which corresponds to a velocity of 305 m/s or 1000 ft/s. In the figures,
dots represent detections, M’s represent missed detections, arcs represent unresolved detec-
tions, and FA indicates a false alarm. The dashed lines represent the true tracks. In each
scan the detections are numbered from right to left.

11




TRUNK AND WILSON

Table 1 — Simulation Parameters

Parameter Value
— —
MNumber of scans 5
Number of misses allowed in track 2
] Probability of detection 0.85
Average number of false alarms per scan .3

Gaussian wander, standard deviation

Gaussian measurement error, standard deviation
Range interval

Range cell dimension

Scan time

Penalty factor for resolution (Fy)

Penalty factor misses (Fy)

30.5 m (100 fi)
30.5 m (100 ft)
2.0 (n.mi.}
152.4 m {500 ft)
50s
01
0.2

Table 2 — Target Parameters

Case | No. of iti Velocities (m/s

No. | Targets Initial Ranges (km) (r/s)

;

iRk 1 17{181.6, 185.3)* G{305, 16y

2 2 183.8, 182.9 305, 282

3R 3 U{181.8 to 185.3)* G{305, 15)t

3 3 183.6, 183.3, 1829 305, 305, 305

4 4 183.8, 182.9, 1827 | 280, 274, 305, 274

#U(181.6, 185.3) indicates that the initiai fargel positions are uniformly distei-

buted between the two ranges given,

$G{805, 15) indicates that the velocities are Gaussian distribuied; the first repre-
sents the mean value, and the secend gives the standard deviation.

12
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Table 3 — Simulation Results: Number of Times Various
Track Combinations Were Selected

Case One Track Two Tracks Three Tracks Four Tracks
No. | Correct | Incorrect | Correct | Incorrect CorrectT Incorrect | Correct | Incorrect
iR 10
2 10
3R 3 6 1%
3 1 9
4 1 8 1 *

*At least one track had a velocity error greater than 10%.

13



SCAN
R

TRUNK AND WILSON

SCAN
HO.
FA Fa
. fa fq s S . ! L
I i ! it
{ ! i ! ! P j
! by f ! P i
! Py ! ’ o :
f A ! P4
i * T ! ' T i r . v
| ] ; i { { : 1
i ; J ; i } i
! oo ! oy
! t i ! fa { f | !
- * L U 3 rL » L ‘l
i
! ; I ; ! i j
1 iy {
| i | ! , b
1 f i ;! f i T ;
a Qj b fe ) al ?{ Fl Mo 4
i [ ! o
Lo | b N
i ! 3 f I i ) j
; f b o Ly
5L o u ¥e 4 5k v Iy "y -
——  37kmiZnmi} 17kmi2nmi) ——
RANGE INTERVAL RANGE iNTERVAL
. (@} {b})
B s
i . * N * s b FE %
i b i ; ¢ |
i i i | o i
] oy i P
ol , ! I | ; l i
2 Y M ; - 2 ? r |» 4 B
! oo f ! ;
! !
f ; ! i i ; ] 1
iL 1 i f f | ;o
. ¢ d - 3 ¥ » I
P AR
i ! b | { .
4 i o / Pl
i Py by !
! | b f !
. ’ . ’ S 4 - P | ’ =
i
1 ; § ] ! ’1 | !
! i i { | I
! 1 1 i 5 i
} ! j e ; K
- + . ™ - sk e s, * L] -
37km {2n0.mi) . - A7km 125 .mi} e
RANGE INTERVAL RANGE INTERVAL
{d}

{c}
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represent detections, M’s represent missed detections, arcs represent unresolved detect-
tions, and FA indicates a false alarm. The dashed lines show the true tracks. In each

scan the detections are numbered from right to left.
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Fig. 4 (Continued) — The diagrams (a) through (i) making up this figure present 10
iterations of one simulated 4-target raid and the radar responses that occurred. The
variations in results are caused by random false alarms that were introduced and by
noise and clutter. Dots represent detections, M’s represent missed detections, arcs
represent unresolved detections, and FA indicates a false alarm. The dashed lines show
the true tracks, In each scan the detections are numbered from right to left.
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Fig. 4 {Continued} — The diagrams {a} through {j) making up this figure present 10
iterations of one simulated 4-target raid and the radar responses that occurred. The
variations in resulis are caused hy random .false alarms that were introduced and by
noise and clutter. Dots represent detections, M's represent missed detections, arcs
represent unresolved detections, and FA indicates a false alarm. The dashed lines show
the true tracks, In each scan the detections are numbered from right to left.
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In Fig. 4(a), the selection in accordance with the maximum likelihood is the follow-
ing combination of four tracks: (1,1,M,M,1), (2,2,M,1,1), (3,M,M,2,2), and (4,3,2,3,3).
The nearest false likelihood involving track (1,1,1,M,M) instead of (1,1,M,M,1}, was only
five times smaller,

In case 4(b), the three tracks (1,1,1,M,1), (2,2,2,1,2), and (3,M,3,2,3) were selected.
Although incorrect, this obviously is what a reasonable person would select. The closest
likelihood to this solution differs by a factor of 1000.

In case 4(c), the correct tracks (1,1,1,1,1), (M,2,2,2,M), (2,M,3,3,2), and (3,3,4,4,3)
are chosen. All other track combinations considered are simple variations of the above
tracks,

In case 4(d), the correct tracks (1,1,1,1,1), (M,2,2,2,M), (2,3,3,3,2), and (M,4,4,4,3)
are selected. The closest likelihood, which is not a trivial variation, differs by a factor of
10 000.

In case 4(e), the correct track combination (1,1,1,1,1), (2,2,2,M,M), (2,3,3,2,2), and
(M,4,4,3,3) had the largest likelihood. The largest likelihood of a three-track combination,
ignoring track 2, differed by 1000.

In case 4(f), the track combination (1,1,1,1,1), (2,2,2,M,M), (M,3,3,2,2), and
(3,4,4,3,M) was selected. All other combinations considered were simple variations of
this case,

In case 4(g), the correct track combination (M,1,M,1,1), M,2,1,M,1), (1,M,2,2,2),
and (2,3,3,3,3) was selected even though there were only five detections on the first two
tracks. The second largest likelihood, which dropped track 2, was 25 times smaller than
the maximum likelihood.

In case 4(h), the four-track combination (1,1,1,1,1), (M,2,2,2,2), (2,3,3,3,3), and
(3,4,M,4,4,) was selected. The second track selected two false alarms (detections 2) on
scans 4 and 5 instead of detections 1. The likelihood of the true track combination
differs from the maximum by a factor of five.

In case 4(i), the correct tracks (1,1,1,1,1), (2,2,2,M,M), (3,3,3,2,2), and (4,M,4,3,3)
were selected. The likelihood of the three-track combination ignoring track 2 is 100 000
times smaller,

In case 4(j), the correct tracks (1,1,1,M,M), (2,M,2,1,1), (M,2,3,M,2), and (3,3,4,2,3)
are selected and the closest three-track combination differs by a factor of 10 000.

In summary, in the 10 repetitions, two false track combinations were selected.

However, both of these were very reasonable solutions. That is, with the given detections
these are the tracks one would expect any operator or algorithm to deduce.
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Since the maxiimum likelihood solution assumes that the probability of detection
{Pp), probability of false alarm (Pg 4 ), and Gaussian measurement error {s}, are all known
a priori, a sensitivily analysis of the four-track combination was conducied. In the first
case, the probability of delection was assumed fo be 0.95 instead of the frue value of 0.85;
in the second case, the average number of false alarms per scan was assumed to be 0.6
instead of the true value of 0.3; in the third case, the Gaussian error was assumed to be
61 m (200 ft) instead of the true value of 30.5 m {100 ft); and in the last case, all the
incorrect assumptions were made. The results are shown in Table 4. The three repetitions
that produced different results were 1, 7, and 10. In case 1 (referring to Fig. 4(a})) when a
larger Gaussian error was assumed, track {1,1,M,M,1) was replaced by track {1,1,1,M.3).
This had the effect of removing a false alarm. In case 7, different tracks were produced
when one assumed Ppy = 0.95 and/or ¢ = 61 m (200 ft). The resulting three tracks {see
Fig. 4 (g)) are (M,2,1,M,1), {1,M,2,2,2), and {2,3,3,3,3); that means that track {M,1,M 1.1}
is no longer detected. In case 10, when all the incorrect assumptions were made, track
(2,M,2.1,1) was dropped, resulting in only the three tracks (1,1,1,1.,1), (2,2,3,M,2), and
(3,3,4,2,3) being detected. In general, the maximum likelihood method is rather insensitive
to the assumed parameters, The parameter that it is most sensitive to is the Gaussian error.

Table 4—Number of Tracks Estimated for 4—Track Case
When Incorrect Parameters Are Used

Repetition Correct Assumed Assumed Assumed Inef:r ot
No. Assumptions | P;; = 0.95 [No. FA=06jo=61m |, ptions
1 4 4 4 4% 4*
2 3 3 3 3 3
3 4 4 4 4 4
4 4 4 4 4 4
5 4 4 4 4 4
6 4 4 4 4 4
7 4 3 4 3 3
8 4 4% 4% 4% 4%
9 4 4 4 4 4
10 4 4 4 4 3

* Al leasi one irack had a veloelly error greater than 10%.
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CONCLUSIONS

The maximum likelihood method of initiating tracks works extremely well. However,
the method cannot be implemented because of the enormous computational requirement.
For instance, it took 40 seconds on the NRI. ASC computer to evaluate all possible four-
track combinations of 45 feasible tracks. Thus, a more practical procedure must be con-
sidered. Presently, a modification of a raid detector studied by Flad [3] is being pursued.
The basic idea is to declare a target raid and estimate the raid velocity and number of
targets in the raid.
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Appendix
LIKELIHOOD OF MERGED TARGETS

If several targets are merged, the position of the unresolved detection is given by
x =y Tz, (1)

where vy is uniformly distributed between plus and minus A (the nearest and farthest
predicted target positions of the merged targets) and z is a Gaussian measurement error
with mean 0 and variance ¢2. The density of x is given by the convolution,

A

1 1 2 2
= —— S e{x-¥)7 /20
pix) l; 24 (2motyh & dy. {2}

Equation (2} will now be evaluated for the two special cases when A => ¢ and 0 2> A.
If A >> o and jx] < A {j.e., detection is between predicted positions), the infegral of the
Gaussian density is approximately 1, and (2} reduces to

1

2A° 3

plx) =

If A > o but lx] > A (ie., detection outside predicted positions), p{x) is approximately
given by

pe) =25 o (72, @
where x| =4 + §
and
HT) = f L w22 gy, (5)
J Vo

It should be noted thai fhe situation jx{ > A will rarely occur when 4 >=> 0.

When ¢ 3> 4 and |x] < A (which will be very rare), the exponential is essentially
one, and p{x} reduces to
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1

p(x)= (Bro?)l /3

(6)

On the other hand, when ¢ >> A and |x| > A, the exponential is essentially constant and
can be pulled outside the integral, resulting in

1 1/2 5279, 2
= - f20
p (x) (2m2) e , (7)

where x| = A + §. Combining (3) through (7), p (x) can be approximated by

e 2/20 2
Max{24, (2ro2)1/2},

p(x)= (8)

where

8 = Max{0, x-A, -A-x) .
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