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V.DEQ TRACKER MODELS

This preliminary report considers modelling of two classes of viaeo
trackers from their algorithmic and measurement aspects. Because they are
widely used and easily implementable in hardware, the classes chosen were the
binary centroid tracker and the binary ccrrelation tracker. Many variatiens
exist even in these classes; their value in the prezent setting is to
demonstrate the meodeliing aspects and the salient features that may be derived
from an analysis of the behavior of these systems in the presence of noise.

The models predict tracker offset errors {mean error) and track point
"jitter" (the standard deviation uf the error).

Track performance, in general, is dependent on the character of the
object pattern being tracked anc on the distribution of the noise associated
in the formation of the array of pixels which represent the pattern. In the
analyses which follow, a simple square pattern is used and Gaussian additive
noise is assumed. The models pernit any geometric patters as input and the
question of noise distribution is answered by the spacification of the
probabilities of detection and false alarm in thke formation of the binary
pattern from the Vinear data input. /. - . o0 wh,‘w,’,*y, st

Data is presented scaled hy the pixel dimensions. Additional errors
occur due to spatial quantization which, based on the assumption of
uniformity, adds a variance of 1/12 pixel to each computed answer. This
factor is included in the curves of rms error versus SNR; further, the curve
data is the root sum tquare o7 the individual channel! errars.

The salient features of the analyses are as follows:

0 For the binary centroid tracker, the bias error is proportional to
the track error.

0 For the binary correlation tracker, the bias error is a function of
the correlator search pattern.

0 The correlation tracker is generaliy better tH;n the centroid
tracker. A curve of the RSS errors is shown in Figure 1.

BINARY CENTROID TRACKEM

The analysis that follows provides an estimate of the error in the
centroid measuremenn of a target pattern due to the presence of additive
ncise. Certain approximations and assumptions are evoked in order to ensure
tractability of the mathematics.

The input to the tracker is assumed to be provided by a thresholded

n by n matrix P of pixels derived from the imaging sensor output data. For a
threshold Tevel, T, the binary tracking pattern is defined as follows:

1 1j > T, i,j=1,...n
0 ctheiwise
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‘The "one" values of the pattern result from two sources:
1) Target pattern detections with probability, Pt; and,
2)  False alarm or background detections with probability, Py,

Pow and column vectors are formed from the binary matrix to compute the

centroid.
Define
§1
X = Ru. (2)
J i1 1]
yi = if B1J (3)
J=1
D
S = 3. . (4)
j %T:l 1

-

Given these forms, the centroid is defined as follows:

n,
5 . ﬁ_;ﬁ (5
n
W o
where
we o= i - (22 (7)

The vaiues xi, yi, and S are random_variables which are assumed to result
from a series of independent Bernoulli trials. The numoer of "ones" that

occur {or the integer value given) is described by a binomia! probability law:

Probability [n=k] = (g) oK (1-p)™ K &)

which is the probability that exactly k ornes occur of the possible m ones
present. For this lTaw, the mean is mp and the variance is mp(l-p). MNow each
element of the x vector is formed from target and background detections.

Let

tj = number of target elements in column j (9)
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by = n -ty = number of possible false alarm or (10)
. background detections

We will use the notation E(.) as the expectation operator. The variance
Var(x) is defined as

Var{x) = E(xz) - Ez(x) v11)

For the binomial law

E(xj) = tJPt + (n-tj) Py (12)
and

Var(xj) = tjpt (l«Pt) + (n-tj) Pb (l-Pb) (13)
Let

Sg = ;;l tJ = target sum (14)
so that

E(S) = SpP, * (n-sy) Py (15)

Var(s) = SgP, (1-P) + (n?-5y) P, (1-P,) (16)

(NOTE: Although there is partial correlation in forming the sum, independence
1s assumed.)

The centroid error, €x. is defined by

where
n
_ féﬁ "
XO = T-—' (18)
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~and
E(<) « ER) - X (19)

X

The computation of E(X) involves the ratio of two random variables U and V,

where
n
U = 5 wax, (20)
jz1 1
and
VvV = § . (21)
Assume that ‘
U = UO + n
and (22)
Vv = 50 + 4 .
where
. 2
E{n) = 0, Var(n) = o
E() = 0, Var(d) = o (23)
and

E(n.d) = E(n)E(d) = O

Define
,l + D.\;
Un | ( U~ .
— ( 0 0:
= 37 = vl 24’
X 7 VO} T8 (24)
Y

We invoke the approximation,

|

U

- . 0) n ¢\

X = 1+ - - (25)
K Tl T
E
{.
;
!C
‘C
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Then,
U .
- 0 E(n)  E(d)
E(X) 2 - I]‘ MRS S . A {26
ol | Uy, (26)
or
U
JEP (27)
0
and

(30)

(31)

(32)

(33)

(34)

(35)
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By independence,

2 n 2 a 2
o P (1-Py) iy oWy * P(1-P) 11 (n-t;) w; (36)
n S
| g MiE] oy i
E( ) = = - e (37)
SoPy * (n"-Sy) Py 0
A 2
L [SougtyPy + Sy (n-ty) WPy - Sqw,t,Py - (n"-Sq) Pyt.]
- i=1
n
- nZPb Yot
E(C ) = 5 (39)
SoLSpPy * (n"-Sy) Pyl
aQr
N - nZPbe
E( tx) = N 2 (40)
SgPy * (n"=Sg) Py

This result indicates that when a centroid error results (i.e., Xg is not
equal to zero), the process produces a biased answer which is proportional to
the error and the probability of background detection.

From Equation (34),

Now, to simplify examination of the variances, cons der the 50 percent
detection case with Gaussian additive noise.

Define

e du (42)

(R SR UL ST o R - et A s Pt il
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background be Normal with mean u and variance v2.
as

T = ut+ A/2

From these definitions,

x—géﬂjz
oo - —
P, = ~l: ¢/P e 20 dx
- S2rautN
and
2
(x-u)
w - —
1 / 207
pt = e dx
/2;b‘u+N2

from whica,

SV
P, = 1 - q;( 2

P, = 1-®

but since

For this case,

P, (1-P,) = P

sc that from Equation (31),

2 n2

OV = pt (I—Pt)

NP Yy vy ¢ . P o I S ST S Ny A

Let the target have an amplitude A above the background and the

The threshold is defined

(43)

(45)

(46)

(47)

(48)

(49)

(50)

(51)
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and
2 N2 :
oy = NPy (1-P) ) W3 (52)
i=1
2 ] ntl) 2 2 n+l 2
wi = ih‘; - “——2——' = 1. - (n+l) i + "‘2“‘" (53)
n . V4 ‘ 2
2 n{ntl)(2n*1) nin+1) ‘ntl .
Nt T S o (54)
= M) (an+z - 6n 6 + 3n+3) (55)
n 2
2 _ n(n-1)
izi Wi = =T (56)
From Equation (33)
2 2 2
— O'U UOOV
Var(x) = . (57)
VD VO
and
. 2 2
2 n“(n-1)
o = —1z— P (1-P,) (58)
UO = SgXg (2Pt~l) (59)
2
Vo = n (l-Pt) * Sy (ZPt-l) (60)
r 2--2 2
e 2 (n-1)2 SpXp(2P,-1)
Var(x) = n Pt(l P.) > 5t — . (61)
12{n"(1-Py)#5p (2P -1)} < {n(1-P j+5p( 2P, - 1IF
Let the target to gate area be given by
S
0
R = 5 (62)
n
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2
cnd Tet n be large so that (n-1)° = n?

- . R%x2(2p, -1)°
Var(x) = Pt(l-Pt) — * T (63)
12{1-P +R(2P - 1)} {1-p (2P -1}
For the tracking case, X0 is driven to zero so that the residual tracking
noise approaches,
P.(1-P.)
Var(x) = ot (64}

pd
,lz[l'Pt+R(2Pt"l)J

Assuming that the detection probabi.ity > 0.5, the form of the equation
indicates that the variance decreases for either an increase in the detection
probability or an increase in R. Since the detection probability is limited
by signal-tec-noise ratio, the result suggests that the gate be adjusted to
accommodat» the target and that the best result is obtained when R is
maximized.

The modelling equations are summarized bejow:

n
gzl “i% +1
—_ 1= n
XO = n M W_i = (1 - (—2—-) (65)
2.ty
i=1
UO = (Pt - Pb) SOXO (66)
2
VO = SOPt + (n -So)Pb (67)
2 2 .
oy = SOPt (1~Pt) + (n -SO)Pb(1~Pb) (68)
Z n N
o = PpP Yty PoL-k ) Y (n-t.) w (69)
]=l ]=l
’:X = X - xo

CRURI SO NI SRR (Y




Sl - i - et v el s

w

Lt Raled WE L

Y ™

(70)

T T T Y T TN T T e T T AT

2]
N PRy
" T h%o

(71)

T
n -JO)PD

E(= ) =
X T 4
3Py v
CT2 UEUZ
. . ] Ny
\ - N - g
Var( Tl ® '{"—Z* va-
Q 0
A Monte Carlo experiment was conducted using a 20C-sample pattern of
The signal-to-noise was

8 by 3 squares in a 16 by 16 sample matrix.

es+tablished at the values shown in Table I and the statistics were compiled
ang tabulated (tne paitern was shifted one pixel to the right and down).

= 1, the ~
e bias error E(C ) and

Using the measured values of Pty and Ph and x9
Equations (66) through (71) were used to compute th

the standard deviation of the centroid error,

! ar[é x] )
These data are shown in Table Il and indicate excellent agreement.
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PHOCRAM BINCUEN

DIMENSION [PCls. tna) TUCLls,
DIMENSION INOISE«2046)
LOSICAL I1PLIMEC32) CLS
COMMON P!

Pl=9d4 *ATANCLI >

NPTS=2QUV

PTS=FLOATI(NPTS)

CL3=26

WRITE(S .99y CLS
FORMAT(1X A1l

DO 9 I=1.132

IPLINECI) =" !

DO 19 I=1,16
DO 10 J=1,16
IPCl, J)=0
IFc(CI GE . &)
[PCI , J)=624
CONTINUVE

GO 8% ISNH=1!,14
DC 846 I=1,NPTS
STATS(I,3)=0
STATS(1,4)=9
SNR=FLOAT(I3NR)» /2
SIGMA=44 /SNR
DC=1! *3IGMA
SIGNAL=(SNR+3 )»*SIGMA

CALL GNOISE(DC ,SIGMA.INOISE)
I1T=¢(DC+SIGNAL>Y /7.

DO RO NPIX=1 NPTS

nO 20 I=1.,16

DD 20 J=1.16

INer Jy=90

IF(CIPCL ,J)+ICAUSSKINOISE)Y)
[F¢IQc¢I , 2y EQ 0) GOTO 20
IFCIPCL.Jd) NE 0) STATS(NPIX.
ILFcIPCI ,J)y EQ. 0) STATS(NPIX,
CONTINUVE
X=0

Y=vu

SUM=20

Do 30 I=1.
O 20 J=1 .16
[FclQcl..J)y EQ 0>
X=X+FLOATCI)
Y=Y+FLOATI[)
SUM=L UM+ 1
CONTINUE
XBAR=X/5UM-8 5
YBAR=Y/31JJM-8 9
WRITE S ,99» CLS
STATS(NP!X. 1))=Y HBAR-1
STATS(NPIX /) =YBAR-1
WRITE(S,200, XBAR . YBAR
FORMAT <4 2710 30
WRITE (S . 2350 MPIX
FORMAT ¢ /72X . "'BINARY
D2 30 =i 14

AND (I LE 13)

+ 1

1A

ZOTO 30

IMAGE

162

AND

NUMRER "

ALAE s 3 gkt il A A el i)

STATSC 1900 9

tJ GE 6

CT ITy» 1Qcl., 3>

3)=8STATS (NP X,
4)=STATE(NPIX.

S0 3

W T

AND . (J LE

PEEN

)+ 1

L Al Sl Shull AR Bl Sl aindl Suail il T T A A A

13))

ERY  TI
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DO 48 J=t,14
Jl1=2*J-1
[PLINECJL)=" '

tFcrQael, Jr EQ YO IPLINECTL)Y = X!
CONTIMNUE
WRITE(S,300) ANECIY L J=1, 320

SONTINUE

PT=0 .

PB=0 .

¥1=0.

Y1=0.

X2=0

Y2=0.

DG 40 I=1,NPTS3
PT=PT+STATS (1, 3)
PE=PB+STATS(1l,4)
A1=X1+8TATS(1,1)
L2=2X2+8TATS(1, 1) *"*7)
YL=Y1+3TATS(I,2)
Y2=Y2+3TATS(I,2)%x%2
PT=PT/ (44 *2T8S)
PB=FB/((256.-64
XBAR=X1/PTS
YBAR=Y! /TS
SIGMAX=SUIRT(X2/PTS~-XBAR%X*2)
SICMAY=SCURT(YZ2Z/PTS-YBARX*2)

) X PTS)

WRITE(S,400)
WRITE(S.,410Q)
WRITE(Z.,420)
WRITE (2,400
WRITE(Z,410)
WRITE(2.,430)

XBAR,SIGMAX
YBAR,SIGCMAY '
SNR

XBAR, SIGMAX
YBAR,SIGMAY
PT.PB

CONTINUE

FORMAT(2X, 'XBAR="',F8 . 3,2X., SICMAX=',F8. 3)
FORMAT(2X, 'YBAR="',F8 . 3,2X.,'SICMAY="',F8.23)
FORMAT(2X, 'SNR="',F8 . 3)

FORMAT(2X, 'PT="',F8.3,4X,'PB="',F8.3)
FORMAT(2X,32A1)
END

SUBROUTINE GNOISE(DC,.SIGMA ,INOISE)
DIMENSION 5(2356),INQISE(2048)
COMMON PI

Pi=1./8SQRT (2 *P1I)
X=- 35

H= 5/SIGMA

00 10 =1,2956

Al=(X-DC)/SIGMA

AZ=(X+ 5-DCH/31GMA
FL=EXP(-C(AL*ARL) /2 )
FZ=EXP(~CAZ*A2)/2
A3=(X+1 -DC)/5IGMA
F3=EXP(-~-{A3*A3) /2 )
3¢(Iy=H*P:*(F1+949 . *F2+F3)7/3

3}

£=X+1!

Mt =1

o 20 I=1,29%
N=2048 *3(1I)
M2 =M1 +N

TECM2 CT 2048) M2=2.0438

R S VPR S V. S GO S ¢ MY

R S UL U AUV P UANE TP (U S TP WA W SN

TS

. . . -

1l
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DO 30 J=-M1 M2

10 INOISE Iy [ -
MU=M2+1

20 CONTINUE
RETURN
END

C

FUNCTION IGAUSS INOISE)
DIMENSION IMOISE(20468)
M=2048 *RANCL . »+1 .
ICAUSS=INOISE (M)
RETURN

END

o L. R T S - Y T Y I
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FROGRAM DISPR
DIMENSION TPATI16),VALS(2 . 2)
DIMENSION V1C(10) . V2i10)
COMMON PI
DATA V1/.74%, 823, 887, . 922, 954, 971, 987, 993, 997/
DATA Vz/ 184, (27, 083, 042, .02t, 002.0. .0 .0 /
DATA IPAT/S5%0,8%{,2%0/
Pl=4. *ATANCL . )
SNR=1 . 8
DO 98 ISN=1,9
51=3NR/ 2.
52=~51 .
PT=V1 (1SN '
PH=VZ (18N)
DO 99 NCASE=1,2
H=8
IF(NCASE .EQ.2) H=0.
AM=16 .
$5=649.
AMX=HX*XPT+ (AM~-H) xPB
SIC2X=H*PT*(1 . -PT)+«(AM~H)*PR* (| ~PB)
AMY=PT*S+(AM*%2-5) *xPB
SIG2Y=S*PT* (1 ~PT)+(AM**x2_S)*PB*(1 ~PB)
32X=SQRT(SIG2X)
S2Y=SQRT(SIGZY)
R=AMX/AMY
RSS=R*SQRT(SIGZIX/ (AMX*AMX) +SIGC2Y/ (AMY*XAMY))
VALS(1,NCASE) =R
VALS(2,NCASE)=RSS*RSS

99 CONTINUE
S1=0.
S2=0.
DO 20 I=1.16
A=FLOAT(I1)-8.5
J=1
IFCIPATC(I) EQ.0) J=2
S1=S1+VALSCL,J)*A

] 720 S2=S2+VALS(2,J)*Ax%A

»3 S1=S1-1.

‘ 32=8QRT{(S2)

WRITE(2,100) SNRKR,S!,S52

100 FORMAT(1X.3E6 3)
8 SNR =SNR . 3
¢ 250 FORMAT ( 1H1 )
] WRITE(2,250)
{ END
; c
{ FUNCTION GAUSS (X)
{ DOUBLE PRECISION B(S),P.T.T!.S
« COMMON F1
DATA B/ 3193B153,- 356563782.1 781477937
I -1 B212S5978.1 330274429/

P=. 23146419
Z=EXPC(-(X=X)/2 »/BQRT(2 *pP1.
T=1 /(1 +P*DBLECABS (X))

| T1=7T

1 S= ‘7

PR T i asnia ’ V- i e am PRI YN
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DO 10 I=1.,5%
5=3+T1*BCI)
Tl=T12T
J=SNGL{G)»*Z
IFCX. LT 0. Q=1 -4
GAUSS=1 . -C

RETURN

END

SUBROUTINE PRTVALILVAL)

LOGICAL LVAL
IFCCINPCX'"EE")Y AND 1) NE. 0> GOTO 10
CALL QUT(X'EC',LVAL)

CALL QUT(X'EF"' . 14)

CALL OQUT(X'EF'.,13)

RETURN

END
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BROGRAM DISPR
DIMENSION IPAT 14A) VALSCZ, 0
COMMON P1

DATA [PAT/%%0 . 8%1 ., 3%0/
Pl=9d *ATANCI! . >

SNR=1 6§

DD 98 ISN=1,7%
S1=SNR/ 2.

$2=-51

PT=1.-GAUSS(S2)
FPH=1 . -GAUSS(S1)

DO 99 NCASE=1.2

H=8.

IF(NCASE EG.2) H=OQ.
AM=14

S5=44.

AMYX=H*PT+ (AM--H) *xFB
SIC2X=H*PT*x (1 -PT)+(AM~-HI1*PB* (| -PR)
AMY=PT*S+(AM**2..S) *PB
SIC2Y=S*PTXx (1 -PT)H) >+ (AMX%XZ_-S)*pP3*x (| -PB?
S2¥=5QRT(8I1GZX)
S2Y¥Y=8QRT(SIGC2Y)
R=AMX/AMY
RSS=R*SQRT(SIG2X/ (AMX*AMX)+SI1GCG2Y/ (AMY*AMY))
VALS (1 ,NCASE) =R

VALS(2 NCASE)=RSS*RSS
CONTINUE

S1=0.

52=0.

DO 20 I=1,14
A=FLOAT(I)»-8 &

J=1

IFCIPAT (L)Y EQ.0) J=2
S1=51+VALS(L,J)*A
S2=524+VALS(2,J)*%AXA
S1=51-1.
S2=5QRT(S52-51*%31"
WRITEC2,100) SNR .St .52
FORMAT(1X,3Fé  3)
SNR=5NR+ 5

FORMAT(LH1)
WRITEC(Z,250)

EMD

FPUNCTION GCAUSS (X

DOUMLE PRECISION B(3),P.T,T!1.3

CCMMON PI

DATA B/ .317°3815353.,~ 356%563782.1 781477937
, -1 .8212558%78,1.33027a4429/

P= 2316419

Z=EXP{(-(X®X) /2 »/SAQRT (2. *PI1)

T=1 /L +P*DBLECABS (X))

Ti=T

S=0

Do o1 =1,5
S=5+Tt1*B1.
T1=T1 %7

A=5NCL3) "

PO, WP lhade Ate s Aca
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& - [ECX LT.0 » Q=1 -Q
‘ BANSS =1 -0

RETURM

END

B SUBROUTINE PRTVAL(LVAL)
{ LOGIZAL LVAL

) TECCINPCX'EE' ) JAND 13 NE U, GOTO L0
CALL OUTC(X'EC',LVALS
CALL QUT(X'EF"' . 14)
CALL OUT(X'EF', 15)
RETURN
END
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BINARY CORRELATION TRACKER

The correlation tracker to be analyzed below assumes the following form.

The tracker is a "searching type" wherein a reference is taken in one
video frame and a picture sample is search in subsequent frames to determine a
1ncation where some sub-matrix in the picture sample best matches or maximally
correlates to the reference. Errors are determined by noting where in the
raster the picture sample is taken and where in the sample the best match
occurs. The above description is served by an example which is used in
subsequent experiments.

Suppose the picture sample is a 16 by 16 birary matrix and tnat at the
initializing time, the reference is a centrally located 12 by 12 matrix within
the picture sample. The matrices are shown *‘n Figure 1. In subsequent frames

D)

Fiqure 1.

the reference matrix is placed in the upper left hand corner of the picture
sample, performs a correlation and is then moved one pixel to the right for
the next correlation, etc. as shown in Figure 2.

In all, 25 positions of the reference will cover the picture sample. The
resultant correlations are given in a 3 by 5 matrix C. The boresight position

corresponds to C33. Suppose maximum correlation occuys at Cij. The
errors are then given by

€ = 3j-3
X (1)
3.

Yy
]

y
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Figure 2.

(For this example, the dynamic range is * 2 pixels although practical systems
are dasigned to have a much larger dynamic range, typically * 8 pixels.) The
binary correlator produces true correlation measures with relatively simple
procassing as is shown below.

Suppose we are given two n vectors u and v. The correlation between u
and v, plu,v) is defined as

3
TR
171
olu,v) = j:l (2)
n gt
o 20N 2
u v5
N =S =

This calculation is rather formidable for real pumbers; however, for the
binary case we may assume that each number assumes only two states. For
convenience, iet

ups vy € {-1,14 (3)
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Then

and

: 2 8 2
/.L u; 2. vy < n (5)
v

Now suppose that m of the elements of u match m of the elements of v one for
one with m < n. Then,

n
S u,v, = a - {n-m) (6)
A I
i=1

That is, the remaining n-m elements have opposite sign. Consequently,

2m - n
n (7)

olu,v) =

If a1l of the elements match, the correlation is one and if none of the
alements match, the correlation is minus one. Now, working with conventional

binary numbers; i.e.,

u;, vy & {0,1}

f uv; = on -2 ) iy @ v, (8)
i=1 i=1

where the symbol ® implies the "exclusive or" function. Then,

* " n
olu,v) = 2 * number gf matches” (9)

The "exclusive or" truth table is as follows:

u v TRON'
0 0 0
0 1 L
1 0 1
1 1 0

Now given the matrix R, we form a reference vector r as follows. Let

23
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and
e = C.: isd=l,eae,n (10}
) k:l,Z,...,n2

Simiilarly, define a sub-matrix of S as follows

{4

TS Sieke el (1L

i, J=1,2,...,16

k,-!Z:l,Z,.'..,S (12)
Then

. k{

t.n(L,’g) = Tij = Si+k“l,j+£"l (13)
vhere

mo= j o+ 12(i-1) (14)
Then

\

Cop = o |[Tatlk,2)) (15)
The best correlation implies that

Congn 2 Gy, for all kK (=1,2,....5 (16)

and (k*,{*) is the track point.

The basic correlation mechanism is ratier straigatforward; the analysis,
however, is quite tedious. The search process produces a decision tree which
must be evaluated to determine the estimated best point. As will be shown,
the best point determination is biased according to the order in which the
points are searched.

For the example given, 25 points must be searched. Let

P, = Prob{position k is chosen}; k=l,...,25 (17)

.o T e . P . P Asm lma gl
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- Further, let

R({m,n) = Prob {correlation at position m
> correlation at position n} (18)

At the start of the orocess,

Pn = R{Z,l) (19)
<
and
R(2,1) = 1 -~ R(1,2) (20)
with n = 2
The conditional probabilitfes can be computed by the following iteration:
n
}: R(n*1,1) (21)
P = R(kmn+1)Pk i k=l,...,n (22)
n = ntl (23)

Equation (21) is interpreted as follows:

The n*l state is chosen provided that the probability of the n+*l state is
greater than some state i given that the state i had been previously chosen.
quation (22) implies that state k is chosen provided it indicates a greater
probability than the current state and the probability that it had been
previously chosen as the optimum state. The process stops wnen n+l=m {or 25
in the current example). At any stage j in the process, the probability of

choosing one of the states, P% is given by

pJT=ip1.=1 (24)
i=l
J,
P% = iéi R{j-1,1) iJ R(i,j-1)P, 5 Ji> 2 (25]
g §~ P.[R(j-1,1) * R{i,j-1}1 = R 1 (26)
T iz 1 =1 1
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since
R(k,n) = 1 - R(n,k) (2N

A partial diagram of the selection process is helpful. Consider four
correlations:

REST STATES

/\ S5t 1 1 2

31 R3 Ro3
! 3 2\ STAGE 2. n =
. Rgt R
14 " R24
34
1 yA
4 Figure 3. 3
Prob {2 chosen} = P, = Ry1Ro3R54 (29)
Prob {4 chosen} = P4 = RyRiqRyp * R43(R31R12+R32R21) RgoRo3Roq (31)
PT = Pl + PZ P3 + P4 (32)
Pr = Rpp(R R 3*R3aR31*R 4R 3 Ry RSy )
(33)

Ry1(RogRoa*R3R35*R 43R 35*R45RH3)
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Pro= Rip RyglR1g™Rap) Ry (RaqReg)

" Rap RpalRog"Rep) "RyplRag™Rag) (34) :
Pro= Ryp(RpatRyp) + Ryy[Rp3Rap) (38) 1
P = Ry, * Ry = 1 (36) "

Noce thaw to search out this tree,

miw:ll 305

probabilities have to be determined (althougn some symmetries reduce this A
number). y
The problem is to determine the probability that one position is better ’

than anothar; however, this nroblem is complicated by the fact that the data
in nearby positions is highly correlated. The algorithm used to compute the
probabilitius is shown in FORTRAN code in Figure 4, i.e., SUBROUTINE EYAL.

The parameters kl, k2, k3, and k4 are reference position offsets. A diagram 3
of the matrix positions is shown in Figure 5. i

The algorithm computes the difference between the correlation values
produced by the two reference positions (AM) and the variance of the
difference measure {VAR). The probability that one position is better than ;
another is the probability that the normalized difference value is greater 1
than zero. The assumption is that i

]
 (x-am)? ]
P(x) = ]?’éﬁﬁ e 2VAR ™ (37)
w
roo | xomi?
PROB {x » 0} = —t_ |/ e O 4 (38)
/2 VAR 0
00 ul
PROB {x > 0} = 7%: d/r e 4y (39)
2w - AM
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IP{1,1)

IREF(11.11)
IREF(12.12)
\
Figure 5.
and for

2

1 ¢ E?
Do - /_ooe du (40)
PROB {x > 0} =~ 1 - (:—ﬁ’-' (41)

{ P VAR

The results of these computations are shown in Table IlI. The striking result
is that the errors are biased according to the nath taken by the search
pattern; i.e., tn the right and down.

To test the theory, a Monte Carlo test was run using 200 samnles at
various SNR. The resuits are shown in the following figures. The binary
pattern shown corresponds to the initial reference. Data indicate that the
errors are indeed biased. A 5 by & error matrix is also shown which indicates
the number of times over the 200-sample run that a particular error position
accurred (when divided by 200, this matrix approximates the probability
matrices shown in Tabla 1il). Although the analysis is somewhat pessimistic,
thi2 agreement is good and the implied data trends are apparant. Another
interesting result is that for rather moderate SNR (- 2.5), the correlator
essertially makes no arrur and can always correctly identify the corract
target position: a significant error is made with the centroid measure for the
same SNR,

28
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PROGRAM Wi I0R

DOMEMZION PROIZ O N COET. 7
NUMEMETAY DTSR TR LTI 2
DUENG IO YAROB . .S AR
VTIIENR IO [V L-
TLMMON D
' AT STUET 00 0. 5.0, .1 0.0 0,y Goa
AR TS SO AR AR S B O

SR :h CTOLE 13 CAMD (J GE s AND o L ol
! tpel  Jy=l .

Sl COMTINUE
no 910 I
D2 %149 J=

o
£ 5

0 I'REF (1 -2 .

P FORMAT /10

5% FORMAT |
SMR=! .0

SIOMAL=(SNRF3 )23 1C0MA

! SIGNAL)Y /2.

OISE«DC.SIGMA . PT.PE., IT)
1

CALL GN
2 DJd) SNR.PT.PBH

WRITE(Z .
Do 57
HRCA P07

(
nioo97 : S
Lo o7 J=1 .5
MaJd«Z®0IT-12

IPOS (M. L1 =1

R TRPGS N, 2 =]

Do 580 I

I1=1s1

DO 580 J=I1.2%

STPOS (1.t

KL=IPTECL, )

JY=JLISTOS

IECC3J 80 0> OR (] LT I COTO v7 2
)

it

=
—
1

PoO=FRCHBCT T
SoTe 97w

Lo Ll=1P0O3c.] 1)
LI=IPOCSCT, 2

CALL EVALZIREYD [P . F2% . .PT . w! ¥KI 1 L2 0o
T pRpoggcr i =P0
J oI =1 ~-P9
E ot =zFRABOL . L

T2y =RRO/CT 1
i

o W0 B
SUM - UML ERO S O ToomRHO A !
FCHQIE Ty -P0d Loswrdnss
. .. “ . - s a
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DOMHOGn oL 2 imM
CONTINIE
[OR U U S A A
|ty
R I A
I o AALVEE LIRS S G
WROUTE D 7y e PROBS C0 DS b e Dl N
TORMANT LY SER %o
A¥ -0
AY =)
VARN =4
VARY =0
no 400 = G

LD 620 J=t .
TRRYUEPLOAT -
ERRY =FLOAT (D -37

AN =AX+PROBECT I YERRARK

VAR =VARI+PROBS (L Iy ¥ (ERR XX YT
AY =AY -PROBS: T J)r»*iRRY

VARY =JARTY+PROBE (T, I ¥ (ERRY «* 2
VARY =SGQRT T VARX -AX*AX)

VARY cSRTIVARY AV RAY)

WRIT A1 0Y AL YARX

WRITECZ . A20) AY VARY

FORMAT(4X '"IBaR='.FA 3.,2¥X 'Y & B3
FORMAT(¢X, "YEBAR="' . F8 4 2X.'Y STD BT .o= o vR a/e
SMR=5MNR+ 9%

- in
i

fee

~

g
1

if

i

[N < I W

.

i

FORMAT (AR, "SNR="' F% . 2.,2X,'PT=" . EF7 2.2X.'228=".07 3
WRITE (2 54750
END
SUBROUTIMNE GNQISE(DC.SICHMA.2T.PB 1T
DIMENSION S(254)
COMMONMN PSSO
K- 5
H= S/SIGMA
ne L0 I=1.29%6
AMl=CX-0DCHY/SICMA
A2=7X1 Z-.DCy/ SICGMA
Fi=ERXQC~-tRA1*A1Y /2 )
Fl=aulP o o2 272 )
A2= Xl -DO) P EATOMA
Pl=EXP O CAINFEZT 2 D)
SOl Y=HEPYAX P L *E2LPTD /02
LI RN
M1
Is1 =9
[22=0
D0 DY el 2948
M=laod48 w5110
MI=M1 N
reoME 20430 MU n4e
TP b -0 GE TY TSP I8 eMT
T Trb JE 1T [ AP D A VA BN
M= PD )
coarrmrriun
PTFLANT OIS ) ad
PO PLOAT T2 7T DA
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GAUSS =1 !
FETURMN
TMD
SUZROUITIMNE EVALCIREF D IPLVFE PT KL . K2 A2 K4 ,PRD
DIMENSTON TREF 12 12 TPCLA. 1A
Ml =1~Kl1
MIzl-K2
M3I=1-K3
Mil=]-K4a
TARE=PBA(CL -PE.
VART=PT™ L  -FPTHY
AM=Q
YVAR=0 .
0o 30 1=1,14
D2 30 J=1,14%
I1=1+011
Jl=J+M2
12=21+M2
J2=J+M4
Li=2
Lz2=2
ITOOIL CE LY AND 1l LE .12 AND (Ji1 G2 L AND <JL LE
1 Li=I{REFCIL{ . .J1)
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t L2=/RE¥F/ 12 J2°
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M=IPCT T
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VAR VAR Z O YVARD
COTO 26
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PH=2 *F.-1
0T 28
£ Tyrely EQ 20 GOTO 37
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AR P
SJOTO 28
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