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ABSTRACT

The extradion of faint space objeds with unknown
orbits from digital imagery is considered to be a
problem. An image is recorded using a wide-field of
view (FOV) eledro-optics sersor operating in stars-
tradking mode. To solve this problem anapproach based
on the detedion of fragments of tradks with further
groupng is considered At the same time the problem of
stars detedion is solved Both fragments of tradks ard
stars are deteded within a dliding spatial windowv with
the classification of “star / fragment of track”. Signal
accumulation along a hypaheticd trad is restricted by
the spatial window. The total number of extraded tradk
fragments to be grouped is much less than the total
number of hot pixels to be as®ciated into the trads if
the tradtional approach is used, basedon a low signal
threshold.

1 INTRODUCTION

In this paper, the common problem (seg for example,
[1], [2]) of extrading faint space objeds with unknown
orbits from digital imagery is aralyzed. Inpu images are
recorded using the CCD matrix of anoptical sensor with
a wide field of view. The sersor is operating in star-
traking mode. The objeds to be deteded are moving
with resped to the stars. Herce, the signal of each staris
accumulatedin one (or a few adacert) pixels while the
signal from each moving object is distributed along a
tradk of unknawvn diredion, lergth, position of middle
point ard a mamer of brightness variation. The total
numbers of objeds are unknown.

To solve this problem a tradti onal approadc is gererally
used basedon the signal threstolding and the further
groupng of "hot pixels" into tradks. This approach is
effedive for the detedion of bright objeds. However,
the signals of faint objeds can be below the threshadd
spedfied for bright objeds. Reducing the threshold
value can cause a considerabe increase in the total
number of false detedions. This makes it impossble to
perform dataprocessngin red time.

A well-known altemative approach consists of
implemerting an appropriate parametrical model of a
track which provides a dired solution to the classc
problem of making a dedsion about the total number of
space objectsin animage and estimating the parameters
of the tradk model for each objed. The dired solution of
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this problem for a large image (typically several tens
megapxels) in red time seams feasible only with the
use of apowerful supercompuiter.

In this report a compromise approach is considered as
the detedion of short fragments of tradks with further
grouping. The fragment detedion algorithm is basedon
the direa search of locd maximums of dedsion making
statigics by sliding a window acossthe image. In each
point of locd maximum, ore of the following
altematives "nothing apart badkground / "star' /
"fragment of tradk" is seleded with a simultaneaus
estmation of the correspndng unknowvn parametes:
mean (aaoss currert window) badkground value, star
position and brightness, fragment diredion, length,
position of middle point and currert brightness The
total number of deteded fragments turns out to be
significantly less than the total number of hot pixels
deteded using the tradtional approach. This makesthe
further as®ciation of deteted fragmerts into traks
much simpler in comparison with the classcal case. To
speed up the algorithm all necessary integrals are
cdculatedin advarce This makesthe algorithm cgpable
of operating in red time on a computer with relatively
modest cdculation power. Dimersions of dliding
window, a step of diding ard the total number of tesed
diredions of an objeds motion shoud be seleded by
the user. A similar approach for extrading static point
objeds from digital frames was consideredin [3], [4].

It seams that patticular place in integrated image
processng of the method, which we propcse in this

paper, is the preliminary extradion of tradks of moving

spae objeds having unknown orbits ard low signal-to-

noise ratio with further final full -scde processng based
on signal storage along the diredions of extradedtracks
(smilar [5]) to adiieve a higher quality of tradk

extradion and estimation.

The orbit parametes of dete¢ed objeds can be
estimatedon the basisof tradks extradedin sequence of
images by means, for example, of the algorithms
consideredin [6].

The algorithm is elatoratedfor use with the auomatic
optical telescpes of UN ORT (University Network of
Optical Robdic Telescpeg of MIPT (Moscow
Ingtitute of Physics ard Techndogy) and JISC"Vimpel".



Figure 1. UN ORT optical camera, 15 su. apperture,
11°x7° FOV ( Kidovodsk, Tiraspol, Blagoveschensk,
Kitab)

Figure 2. UN ORT telescope, 50 s apperture, 3.5° x
3.5° FOV (Ussuriysk)

2 MODEL OF SIGNALS

Dimension of a pixel (along each axis) is considered as
scae. A hypaheticd static paint with position (u,, V)

during exposition generates n some pixel (k,1) asignal

k |
S :A.[ du.[F(uo—u,vo—v)dv, (€))

k-1 -1
where A- the signal "amplitude”, F(u,v) - normalized
Point Spread Function (PSH), _[ _[F(u,v)dudv:1. It

is assmed that PSF is separade (i.e.
F(uv)=F,(uF,(v)), on each axs, and has an
effedive width comparable to a pixel size. A signal
gererated in some pixel (k,I) by an objed moving
during expasition is approximatedby the sum of signals
from bright points with equal amplitude A distributed
along the track with some period (comparable with the
PSF width). A fragmert of a trad is charaderized by
the postion (u,v) of its center, dirediond, ard
amplitude A of the bright points.

Consider a grid of nodal points (see black points in
Fig.3) having a period 0.5 of pixel size, and a sliding

window Q, with central pixel(k,l), composed of
N =(2n+1)x(2n+ 1) pixels Furthemore for the sake
of simplicity the ideaof the algorithm is explained for
the case of 3x3 window (n=1N =9). The position
(u,v) of a star or the center of atradk fragmert, which
pas®s through the central pixel of the window, is
trunceted to the position of the center of pixel(k,l). It
is assumed that the tradk diredion d coincideswith one
of four reference diredions (see Fig 1). Under these
assimptions the signal S, in pixel (k,1) from abright
point, located at one of nodal points 1-4 (seeFig. 3), can
be cdculated in accordance with (1) as §, = A for
nodal pant 0, S, =A/2 - for nodal points 1,3, u
S, = A/4 - for nodal point 4 (seeFig.3).

Tested
Grid reference
nodal points Nodal point direction

Bright point H Tested pixel

Figure 3. Siding window 3x3.
Let B be alocd (averaged aaoss a diding window
Q,,) badground of obsewvation. If a star with signal
amplitude A is locaed in the pixel(k,!), then signals
in pixels of Q. are charaderized by the vedor
X, =[B,A]. The fragment of atrack passing aaoss the
window Q,, throughthe pixel (k1) is charaderized
by the vedor X, =[B, A D], where A is the anplitude

of asignal of the bright points along the track, and D is
the track diredion. Consider also a vedor X, =[B],



charaderizing a badkgroundsignal in pixelsof Q,, in
the abserce of astaror atrad.

Provided that not more than one ohjed (star or trad)
can be observed in the window Q,, the following

hypaheses H,, i=0,1,2 are tesed on the basesof
signalsin apixels Q,, :

H,: a star with the state vedor X, is locaed in the
pixel (k,1) ofQ,,;

H,: atrak fragment with the state vedor X, pas®s
throughthe central pixel (k,1) aaossQ, ;

H,: aninstrumental noise and a badground with the
state vedor X, =[B] cause the signals in pixels of
Q. -

The following model of ramdom signals Y,

K+
k',I'’=-1,0,+1 is accepted in pixels of the window Q, ,
Yk+k’,|+|’ = S<+k',l+l’ (XI ’ l )+gk+k’,l+l’ ’ (2)

where | is the rardom number of the hypahesis H,,
taking a priori the values i =0,1,2 respedively with
probebilities R,P,P,, where (R+PR+P,=1),
Scesar (Xi,1) - is the signal in pixel (k+K',1+1") for
the hypahess H,, descibed by the vedor of
parametes X, &, - is the noise of the CCD camera
with zero mean ard known (estimatedempirically) locd
variance ¢°. Noise signals in differert pixels are
assimed to be uncorrelatel. The value S, /o is taken
as the signal-to-noise ratio for the pixel (k,). The

experimental distribution (see Figue 4) of the
instrumertal noise of the CCD camera, which was used
for the algorithm testing, justifies te choice of Gawsdan
model of probalility distributionof ¢, .

Pl sty

Figure 4. Experimental probability distribution of
instrumental noise value for ProLine PL 11002 (Sensor
KAI-11002).

The fadors @, and W,..(d), K,I'=-10,+1,
d=1..4 are assgned in aacordarce with Tabe 1.
Under theseassumptions the mode! of asignal Y.,
in pixel (k+k',1+17, (k',1'’=-10,+1) can be written
as

B+é&u If 1=0
Yooy =1 APy +BHg e, i 1=1.(3)
AY, (D)+B+& ., if =2

Tabe 1.
K’ -1 [0 [+ |1

o |0 [0 [-1
Dy o [1 [o |o
0 0 0 +1
15 [025]0 |-1
¥, (1) [025[15 [025]0
0 |025]15 [+1

Y. (2) |0 2 0 0
0 2 0 +1
0 [025|15 |-1
¥,.(3) [025]15 [025]0
15 |025(0 |[+1
0 0 0 -1
Y (4) [ 2 2 2 0
0 0 0 +1

3 DECISION MAKING STATISTICS
Consider the problem of making a dedsion j about the
unknavn number | of the hypathess H, (1 =0,1,2)

onthe bask of aredization y=|y,,,..| of therandom

signals Y =|

Vel Ki1"==10,+1 in pixels of the
diding window €, with a further cdculation of

estimate X; correspndng to state vedor X, .



For the synthesis of the algorithm for solving this
problem, the Bayesian approach is used, according to
which the optimal dedsion is made on the basis of
minimizationon v and X, e w, of aposteriori risk [7]

R.(Y.% v :ZOPIQ VXX ) Py (Yo ) dx , (4)

where o, - isadomain of apriori pemissible values of
%0 Py (y,x i) - is the joint probebility dersity of
Y and X, uncercondition | =i,
% =[b], x, =[b,a], x,=[b,a,d], (5)
X, € W, < (b=0),
x ew,<(b>0,a>0),

X, €w,<>(b>0,a>0d=1..4).

The choice of lossfunction of the form

o b 9,,[1-6(X,=%)] npu v=i
g(v,xvll,x)={ A=l ) (8
gv,i npu vV #I
with g, =0,=0,,=9g for =012, makes

equivalent minimization on X, and v of a posteriori
risk (4) ard maximization on X, ard v of the value

ra(Ya)A(wV): g,P, Py x, (y|v,>‘(v) Py ()A(vlv)’ @)

where p,, , (y|v,x,) - is the conditional probebility
dersity (likelihoodfunction) of Y providedfixedvalues
l=v, X,=x,, ad p, (x[v)=p (x,) - a priori
probability dersity of X, .

At uniform on a certain regon Q, a priori probability
dersity

1o, (%,
px“()g/lv): Q‘\/( )'
1 npu xeQ
V =|dx, I =
Y g'! X, 1o (X) {0 npu xeQ’
Eq. (7) takes the form
ra(y’)’\(v'v):CVIQ‘/()A(V)R“,Xl(ylv,),\(v)’ ®)

where ¢, =g,P, /V,. The domain Q, can always be
chosensufficiently large to satisfy the condition

% =argmaxl, (%) Py (Y, %,)=
R, e,
. )
=argmaxinp,, , (Y|, %,)
R, em,
In this case, the dedsion rule takesthe following form.
The valuesX}, v=0,1,2 are cdculateddue to Eq. (9).

Then the dedsion is made about the order number of
observable hypahesds in accordarnce with the following
formula

%), (10)

j =argmaxc, p,, (y|v,
v=01,2

and X] is taken asthe estimate of the correspndng
statevedor.

According to Eq. (3)

Inpy, . (Y]v.x)= (%), (1)

where function p, (x,), taking into account Eq.(5), is
descibedas

po(0)=(y-b1) (y-bi), 12
pl(b,a)z(y—bi—acI))T(y—bi—ad)), (13
py(bad)=(y-bi-a¥(d)) (y-bi-a¥(d)).(14

1 -is avedor of order N with unit comporents, ®
amd ¥ (d)- isacoumn of vedors of coefficients @,

ad W¥(d),K,I'=-1,0,+1 respdively, defined in
Tale 1.

Deroting
=[] £ =[] %

and taking into account (10), it is clea, that finding X,
d

=|b,.8,d]. (15

from (9) is equivalent to cacuation b),4,,b,,4,,b,
from

Po :po(ﬁo): minpo(b): (16)
,61:/01(61":11): l’nll’l pl(b’a) J 17

/32:,02(62,A a) min min pz(bad) (18

b>0,a:

Minimization in Egs. (16)-(17) on b>0, a>0 gives:

b, =s, (29



-S
P> ity >
A=\ B
0 else
g Tt
. N_
h=1 1 " W @
N-1
S else
Py =e—Ns?, (22
P =e-Ns’ _éi(yk,l - S) ) (23
where the coefficient s= %T y is cdculatedas
1
N Z Yirk 1417 1 (24)
k'l

The values p,, b, =b,(d),a,
relationship

=4,(d) defined by the

P, = p,(,,8,,d) = min po(bad) (25

b>0,a>0

can befoundas

’U_Zf’ if as<u
3 —Jw_ % 26
8 = W= (26)
0 dse
b, =s-—04,, (27)

where

e= (yk+k 1+ ) ; (29

K'I"

ard the coefficients u=p(d)=¥"y,

a=a(d)=1"¥, w=w(d)="¥"¥ arecdculatedas

3 55 for d=13 (30)
“7160 for d=24'
925 for d=13

- 3 (31)
12 for d=24

1'5( Yyt ¥ + Yk+1,|+1) +S if d=1

P 2( Yaiat Y+ yk,l+1) ?f d=2 @2
1'5( Yigat Y t+ yk—1,|+1) +S, if d=3
2(ykflvl + yk,l + YK+1.|) if d=4

S= 0'25( Yt Yiew T Yo + Yk,|+1) ) 33

In Egs. (24), (29) the sumis overk’,I’=-1,0,1.
Finally,
P2 = pa(0:8,,d)=minp,(b,(d).a,(d).d). (39
By Eq. (11) the inequality
C, Py x, (Y|V’>A<:)2 G Py x, (Y|i ’X)

is equivalert to

l,, 220%(Inc —Inc,)=h,;. (35

where
A:a(ﬁy (36)
L (%% )= -5 37

Taking into account Egs. (22)-(28), the dedsion making
statigics (37) can be written as

1o:é1(yk,| —S), (38
o= éz(:u_as) ) (39
|2,1 = I2,0 _llo . (40

Thus, the following dedsion making procedure can be
formulated

e The inequalities Il ,>h, and I,,>h,, are
verified,

e If both of them aren't valid, the dedsion | = j=0
(there is no any objed within the window) is made;

e If the first of them is valid ard the secondisn't, the
dedsion | =j=1 (there is a star within the
window) is mace;

e If thefirst of them isn't valid ard the secondis, the
dedsion | =j=2 (there is a track within the
window) is mace;

e If both inequalities are valid, the next inequality
l,, >h,, is veiified, and if it is valid, the dedsion

| =j=2 ismadk, otherwise | = j=1.

The thresfoldsh,,, h,, are chosen on the basisof an
accetade level of false detection of a star or a track



fragment, the threshold h,, - on the basis of an

accetade level of probahility of false detedion of a
tradk fragmert insteada star. This methodallows for the
seledion of thresholds without assgning definite values
to losscoefficients, prior probakilities B of hypatheses

and the volumes V, of thedomains Q,, i =0,12.

4 IMAGE PROCESSING

To deted all objeds of differert types within an image
the relief of optimal value for dedsion making statisics

[,; (with correspndng v,i seleded for eachwindow
postion(k,1), k=1..n -2 1=1..,n -2) is used
Each locd maximum of the relief relates to an objed of
correspndng type. Verification of the locd maximum
condition awids the dugication of "phartoms' in
adacert points. Figure 5 shows the simulated image,
which contains 100 stars with signal-to-noise ratio 500 ,
four tradks with 200 pixels in length and a constart
signal-to-noise ratio assiming values
150, 200, 250, 300 for the tracks in top-down
order. Instrumental noise o=5C. Badkground value
B =200C.

Figure 6 shows detededtrack fragmerts (green sguares)
and stars (red squares).

Figure 7 shows tradk fragments associated into tradks
(yellow redargles). A consideration of associating
algorithm is beyondthe scope of this report.

It is seen from Figures 6 and 7 that the algorithm is
cgpabe of extrading tradks with signal-to-naise ratio
nea 1.5.

Figure5. Input image

Figure 6. Image after processing: detected track
fragments (green squares) and stars (red sguares).

Figure 7. Image after processing: track fragments
associated into the tracks (yellow rectangles).

The time taken to process the image composed of
approximately 10° pixels on an IBM T60 notebook was
about 5 seaondks.

5 CONCLUSSIONS

The considered algorithm can be used for the
preliminary extradion of tradks of moving space objeds
with unknawn orbits ard low signal-to-noise ratio.



To adiieve a higher quality of tradk extradion and
estimation, the algorithm allows the extraded tradks to
be subjeded to final full-scale processng based on
signal storage along the diredions of extraded tracks
(similar [5]).

The algorithm can be easily modified for a window with
n>1, a greaer number of reference tradk diredions, a
higher resdution (for example 0.5 of pixel size) of
position detemination. This will improve the quality of
the algorithm, but will cause correspndng growth of
its computational complexity.
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