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ABSTRACT

The results of the development of a model for the
functioning of combined correlation-extremal navigation
systems (CENS) of flying robots (FR) with radiometric and
optical-electronic (OE) sensors are presented. In general, an
expression is obtained for the probability of correct
localization of an object binding (OB), and an expression is
given for the probability of correct localization of an OB for a
single binding session. The main factors that lead to
distortions of the decisive function (DF) formed by CENS are
identified. The results of determining the influence of the
spatial position of the FR on the current image (Cl) generated
by CENS are given.

Key words: flying robot, correlation-extremal navigation
system, binding object, current image, signal model.

1. INTRODUCTION

At present, combined CENS with matrix radiometric and
optical-electronic sensors are widely used for navigation FR.
A feature of such navigation systems is their autonomy,
passivity due to the absence of radiation, and, accordingly,
high noise immunity. At the same time, these navigation
systems must ensure high accuracy of FR positioning with
allowance for possible CI distortions.

1.1 Problem analysis

When solving problems of navigation, the efficiency of such
systems may be insufficient, due to the impossibility of
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forming a unimodal DF due to the influence of a number of
factors leading to CI distortions and, accordingly, to CI
mismatch to a pre-formed reference image (RI) [1,2]. The
need to ensure high accuracy of CENS positioning in areas
with various objects and in conditions of changing the
geometry of sight necessitates further studies of the DF
formation process and analysis of the factors that have the
greatest influence on the formed CENS CI, and accounting of
these influencing factors to the output signals [3, 4].

The aim of research

The aim of the article is to develop CI models formed by the
combined CENS sensors taking into account the shape of the
real antenna directivity diagram (ADD), receiver inertia and
image blur due to the FR movement during the frame
exposure time.

2. MAIN MATERIAL
The basic model of the combined CENSes functioning
process, we will understood as some idealized model of the
system, which describes the conversion signal patterns arising
from the solvable tasks, but does not take into account the
interference characteristic specifics of radiometric reception
or reception by optical-electronic sensors. It is assumed that
the only interference to receiving signals is the internal noise
of the receiver, and various destabilizing factors distorting the
Cl structure (changing weather conditions, underlying surface
conditions, etc.) are absent.



2.1. The main objectives and model of signal processing in
the RM channel CENS

In accordance with the theory of thermal radiation in the RM
channel, the selection of information about the OB is based on
the difference in emissivity of materials and underlying
surfaces. Therefore, the recorded (informative) signal
parameter used for detection, identification, recognition,
mapping, etc., is the intensity of the received signal.

The main problem solved by the RM channel at each session
of the binding trajectory is to estimate the coordinates of the
OB characteristic point (Xgg, Ypog) based on the processing

of the heat thermal relief T(x,y) in the view field Sc R?

and using a priory information in the form of RI about one of
the view field parts, i.e. display formationS — (Xgg, Yog) -
This task is divided into a number of sub tasks:

1) the review of the underlying surface in the OB area;

2) the formation in a certain subject plane associated with the
FR coordinate system , a radio-thermal relief of the area
within the view field, i.e. radiometric imaging (RMI);

3) RMI analysis in order to identify anomalies due to the
presence of the OB, based on its comparison with the RI,
determining the coordinates of the selected anomaly
characteristic point, and issuing target indications of the CS.

On the basis of these data and information about the height at
the time of the frame pickup received from the altimeter, the
coordinates for the FR mass center and the mismatch angles
of the FR velocity vector with the OB direction are calculated.
This information, in the form of target indications, enters the
control system and is used to correct the FR trajectory.

Let in the coordinate system (X, y) on the earth surface be
given the field of the heat (radio) thermal relief T(x, y). A
multi path antenna converts radio-thermal radiation with an
intensity T(x,y) into a combination of processes

Np,N
{u Sij (t)}_ i 21 with two-sided spectral power densities:
i=1, J=
SSij (f)= kTSij /2, (1)
and the antenna temperature TSij for each channel is

determined by the expression:

TSiJ' - I IT(X'V)G(Xij =X, Yjj — y)dxdy, )
icl, Ny, jel N,

where G(x;j —X,yjj —y) —itis the function describing the ij-

th partial ADD, converted to a coordinate system on the
surface of the earth, which axis intersects the earth surface at

a pOint (Xij,yij) .
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Thus, the heat radio thermal relief distribution undergoes the
information loss due to image discretization following the
finiteness of the processing channels number and the image
“blurring” of the final the width of each partial ADD, which
leads to a decrease in the accuracy and reliability of the
positioning.

Let further signals be processed by a multi-channel matrix
radiometer, which uses independent radiometric channels. In
each channel, the signal is amplified in the amplification path
to the level necessary for normal operation of the quadratic
detector. Before amplification, the signal is summed with
interference due to the antenna noise, the input circuits and
the intrinsic noise of the amplification path. Assuming that
the frequency path response is rectangular with a bandwidth
Af and center frequency f,, the signal at its output can be

represented as:

uij(t):usij (t)+Unij (t)’ (3)

where Us;; (t),unij (t) — they are the band Gaussian random

processes with spectral power densities

Sg; () =KTg; [rect(f + f, AF) + rect(f —f, Af)] /2;

4
Sny; (F)=KTy, [rect(f + fg, AF) + rect(f —fO,Af)]/Z, @
where k=1,38-10723 J/ hail is the Boltzmann constant;
L [f|<Af/2;
rect(f, Af) = (5)
0, |f|> Af/2,

Tnij — equivalent temperature of internal noise.

The signal processing algorithm, for example, in an ideal
compensation matrix radiometer is as follows:

2 1 G2 .
{uij O Ty }Tsij :Kﬁgu” (Odt—Toy;:

iEl,Nl,jEl,Nz,

where fSij — is the antenna temperature estimate for the ij-th
channel.
In the signals optimal reception theory with fluctuation noise,

it is customary to use the square root of the mean square
deviation of the measured value (estimate) of the antenna

temperature TSij from its true value as an indicator of noise

immunity T i ie



. )72
oTjj :[M(TSU. _TSij) } , (7
By a direct averaging of (6), we can verify that the estimate

Ts.. is unbiased, i.e. MTg.. =T... Then the noise immunity
ij ij ij

index (7) coincides with the standard deviation fSij

- 2
8Tjj = (DTSU.)‘/ , 8)
Using (6), direct calculations can show that
Tsi: + Thi:
ij ij
dTjj=—7—, 9
Afr

Thus, the signal at the output of the radiometric channel can
be represented as

(10)

where nj— where it is the fluctuation component of the

output signal. Since the integrator in (6) is a low-pass filter,
by virtue of the well-known theorem on the random process

normalization at the output of a narrow-band filter, n; itisa

Gaussian random variable with zero mean value and the
standard deviation (9).

The set of output signals of radiometric channels forms
N;xN,- CI matrixﬁSij}, on the basis of comparing
fragments with the RI matrix
E=[e;] ieLMy,jel My, My < N, My <Ny, the
secondary processing device using an appropriate algorithm,

it is decided to localize the OB by searching for the CI
fragment most relevant to RI.

in

Fragment by the author called the fragment CI, which actually
corresponds to RI. For this fragment, the relation (10) takes
the form:

kl

-’I\-kl =@ +n|J ,

o =e (12)

where (k, I) — are the coordinates of the author fragment.

Thus, the secondary processing system of the RM channel
forms the mapping ﬁSij}|—> (E,i) of the CI matrix into the

coordinate estimate of the author fragment.
As the indicator of a secondary processing device noise

immunity, we will use the probability of the OB correct
localization P . Let us reveal the meaning of this concept.

1014

Alexander Tantsiura et al., International Journal of Advanced Trends in Computer Science and Engineering, 8(4), July- August 2019, 1012 - 1019

Let it on the i-th session of the trajectory binding (i el_Nt, N —
the total number of binding sessions (frames)) the RI
estimated position k;,I; is obtained relative to Cl, and the
true values are equal
Ki.li,(kj eL,Ny =M +11; €1,N, — M, +1). Let us denote
by the A; event that the i-th binding session for the absolute

error (AK; :ﬁi —kj, Al :ii —I;) satisfies the condition:

|Aki| <1,|Al;| <1, (12)
Then this event will be called the correct localization of the
OB at the i-th session of the trajectory binding. When this
event is performed, the accuracy of the trajectory reference
will be no worse than the resolution element on the ground,
determined by the width of the beam, the height of the FR at
the time of the shot and the angle of OB sight.

For the first binding session, we have Pcy, =P(A;). In the
second session, the correct localization probability of the
correct OB is the probability of combining events A; and A,
which is determined by the multiplication rule of probabilities
P, =P(A1A2)=P(A;P(A,|A; ). Similarly, at the i-th
i1
NA; |-
=1 =1

i
session Pcyp; = P{ﬂAJ} = P(Al)P(A2|Al)...p A

Then the final probability of the correct OB localization will
be determined by the expression:

Nt N¢-1

PoL =P =P{ﬂAJ}=P(Al)P(A2|A1)---P Ay | DA |- (13)
j= j=1

Let us estimate the signal influence and interference

components in the image (10) on the probability of the correct
OB localization. For simplicity, we will consider events A;

mutually independent. Then (13) takes the form

Nt
PcL =] [P(A}),
i-1

(14)

It can be shown that the probabilities of the correct OB
localization on one binding session under the following
assumptions and assumptions [5,6]:

1) RI is a sample of a one-dimensional Gaussian ergodic

process with zero mean and variance og ;

2) an additive model of interaction of CI with the form noise
(11) isused z; =ej +n;;

3) noise n; has the same characteristics as RI, except for

dispersion, which is equal csﬁ and the same for all channels;



4) the processes z and n are independent;

5) to compare the fragments of RI with CI, the mean absolute
difference algorithm is used, whose criteria function is

1 N
Dj=NZ‘ei+j_Zi" (15)
i=1
where N — is the number of elements ClI;
expressions will be determined
M
© x+‘{l( 2q+1—1)
PeL =ML [e™ | 1+er n—2 dx, (16)
Mn J29+1

where M — is the number of independent samples of the
criterion function;

N — is the number of independent images samples

gq= cé/cﬁ — signal-to-noise ratio;

42
erf(x) = dt.

2 X
il .[ e
g
From the expression (16) it follows that:

1) the probability of the correct localization of the OB
increases with increasing signal-to-noise ratio;

2) the probability of correct localization of OB increases with
increasing N and decreases with increasing M.

However, the expression (16) does not take into account a
number of factors that will lead to a decrease in the
probability of correct OB localization.

2.2 Analysis of factors that lead to distortions in a decisive
function formed by a correlation-extreme navigation
system

The task solution of high-precision FR autonomous
positioning that use combined CENS should be carried out
primarily in the informative parameters bundle of the system
"three-dimensional shape of objects on CI - sensors of
different physical nature (SDPN) - geometric position of FR,
taking into account its random change" under the influence:

- various types of CI interference and distortion, which may
be natural or artificial;

- propagation medium (PM) of radio waves and the
interference effect on the state of the navigation system (NS).
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The CENS FR efficiency functioning is determined by the
decisive function (the team for the correction of the spatial FR
position) and is estimated by the accuracy parameters and
positioning probability [7].

The FR locating probability using the CENS in the K -th
session of the binding is determined by the expression:

PMi = PCLi 'Pci ) (17)

where p¢ . -
on the CI;

the probability of the correct OB localization

Pc; =Pw -Pjp -P¢g — the performing probability of the FR

flight path correction at the k -th session of the binding,
which is determined by the following parameters:

Py — the influence probability of weather conditions on the
control system (CS) LR;

Pp — the interference
functioning;

possibility on the FR (CS)

P~ the failure-free operation probability of the FR CS.

The accuracy index (positioning error) of the CENS is
characterized by the standard deviation (SD) of the real FR
coordinates after performing the k - th correction with respect
to the given one [5, 6].

Accuracy index CENS FR can be represented by the
expression:

2 (18)

_ 2 2
Gk —\/GCLi +G¢, TOcg

is the SD of the OB
localization on the CI at the k-th binding session, which
depends on the RI manufacturing accuracy cg, and the
errors in determining the spatial position of the FR, arising
under the influence of random factors o ;y.7; ;

where ocp; =f(ocr, Oxjyizi) ~

oc, — the coordinate deviation of the coordinates after

performing the correction in the k session of the reference
CENS;

ocs, — the SD of testing control signals after the correction
FR flight path.

The random factors' influence that lead to errors in
determining the FR spatial position requires the appropriate
methods development on the formation of the CENS DF and
the FR positioning.



Probability ocLj is determined by many factors. These

include the three-dimensional shape of the sight surface (SS)
objects, as well as the influence of the FR spatial position
instability, which determine the quality of ClI, is formed by
the CENS sensors [5].

The need to take into account the three-dimensional shape of
the SS objects, especially in the conditions of changing the
sighting geometry, is due to the appearance on the object
saturated they contours. These factors, as well as the rapid
change of the FR spatial position, caused by gusts of wind, air
holes and air currents, can also contribute to the distortion of
the DF, which in turn leads to a decrease in the CENS
functioning efficiency.

2.3 The changes impact analysis in the FR spatial position
on the CI formation

Preserving the reasoning integrity intact, we will refine the CI
model, which is formed by the channels of the combined
CENS using the example of a RM channel with an
informative parameter — a radio-brightness temperature,
followed by the generalization to an optical-electronic
channel [8].

The CI model building will be carried out taking into account
the following conditions:

1) The FR flies evenly and straightforwardly at the V speed at
an angle o to the vertical;

2) The ADD is approximated by a Gaussian surface;
3) The CI frame formation is carried out by a multi path
(matrix) system;

4) The CI is formed in accordance with (11) in each channel
under the influence of additive noise;

5) The effect of changing the FR spatial position on the CI is
carried out by the yaw angley' =y + Ay ;

6) the angles of pitch and roll do not change.

Suppose that the FR moves in the xz plane of the z, y, z
coordinate system associated with the SS (Fig. 1.1 - a)). The
position of each partial ADD is characterized by angles § and
o.. The aperture angle of the ADD at the half power level is
equal 6, in the plane along the elevation angle and 6, — in

the azimuth plane. For the ADD Gaussian approximation, its
section by the xy plane is an ellipse.

The Cl is formed as a matrix of M rows and N columns. The
inclination of the plane in which the ADD are located along
the axes is given by the angle Bij <1, M relative to the velocity

vector V, and the position of the axis of each ADD in the row
is characterized by the angle o;; .
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N

b)

Figure 1: Geometric conditions for the formation of
CENS ClI

The distortions of the CI frame can be found from the motion
equation of the centers and sizes of the principal semi-axes of
half-power ellipses for each beam of the ADD.

In accordance with the motion direction (Fig. 1), the FR
spatial position at the moment of time t is represented as:

X(t) =Xg + V- (t—tg)sing;

y(t) =0; ,
z2(t)=z9 -V - (t—tg)sino.

(19)

In view of (19), the motion equation of the ellipse center for
the ij-th partial ADD is written as:

{X ij (1) = kijxij (1); 20)

yij () =kiyj @),
where:

Xij () = xo + zotg(¢ — Bj) + V(t - tg)sin Bjsec(p - Bi);
yij (t) = z(t)tg (o jj) sec( @ — Bj);



Hab

The dimensions of the main ellipse semi axes are determined
by the relations [9]:

sin(exij/z)

cos ajj cos(¢ — Bj)

1) in a plane that passes through points
(x0.0,20), (x0.,0,0), (x5, y5.0):
Axij (1) = 2()kij (1) - Letd(y;; /2) (21)

2) in the orthogonal plane:

0y 0,
y X
Ayij(t):z(t)th” (kij—l{kijctng”—lj, 22)

Assume that the principal axes of the half-power ellipses are
parallel to the x, y axes. For these conditions, the normalized
ADD at a point (xo,o,zo), which axis intersects the xz plane

at a point (x% , yg), can be represented as follows [4]:

| bxsf

2
2%,

1
€
2B,y

G(x, Y, xﬂ,yﬂ)z (yz—;/ﬂ)z . (23)

Yij
We select the parameters 8Xij’ SYij so that the main ellipse

semi-axes dimensions of the ADD half power coincide with
the dimensions, which are determined by the (21), (22):

0 0)2
X=X —V.
( IJZ)2 I (y yljz) =1, (24)
2In28xij 2In28yij
As a result, we get
..:ﬂ-a i (25)
G J2m2 Y J2n2

Let’s find the dependence of the brightness temperature in
time at the output of a separate RM channel. To do this,
suppose there are K zones with brightness temperatures T, ,
on the CI that are distributed on a uniform background with
the temperature Tg. Then, in the Xy plane, the following

brightness distribution temperatures will occur:

1017

Alexander Tantsiura et al., International Journal of Advanced Trends in Computer Science and Engineering, 8(4), July- August 2019, 1012 - 1019

Tmi X,yesm, m€1,_K

Ter(xy) = (26)

K
T, XY€Sym=JSm

m=1
where s, (S, =@, m=n.

Let’s take into account that the radiometer low-pass filter

(LPF) has an impulse response hi;(t) = iexp(— t/rij). Then
T”

the signal at the output of the RM channel is represented in
the form:

TSrij = e_(t_tO)/rist

11 n/ tjj

off (t0)+—Te Tgeﬁij(n—to)dn, (27)
Tij to

where Tsesij ~ it is the antenna temperature at the ij-th input;

tj; — time constant of the ij-th channel.

Taking into account that the antenna system parameters TSij

can be represented as follows [6]:

Tsj (0= T, Toyr ()00 Y, 350 (O)cedy . (28)
Taking into account (26), we write (28) as follows:
K
TsO=Tp+ & (Tm—Tp) T Gx,y,xjj(1),yjj(t))dxdy. (29)
m-1 Sm

Taking into account (23), (27), (28), after integration in the
range from t, =t -3t totwe obtain:

K —Vii(to)|d
Te (0=Tp+ e (T —Tb)qf’y—”((’) "
] m-1 oy &=Cn (30)
—X;i(t b ’
X(DE; u( 0) _Bij(tg) m
OX E=anp
2
i &-x;te)  t—t
Bij(t,§)=ex{l—21+ 8?( fij~ T__OJX
ij
where t
_X..
Hé - ””H
X n=to
8Xi' 1 - 2/ - _
i -0%/24n - r
[ = TD(E)=—— |e do;iel, M; jel, N.
! ij i © \/%—J;o - JE



Expression (30) is a signal model that is formed by a separate
RM channel depending on the spatial position of the FR and
its orientation, without taking into account the channel noise.

The expression that describes the CI model taking into

account the noise in the radiometric channel can be
represented as [9]:
SrM =HSRMi’jHi:m, (31)
j=1..N
. K E-Yij(to) ||d
SRM('vJ):Tb+Z(rm_Tb)®(8—J "
m=l y ‘:—Cm
where " 1
x i -B(@)[|." . +n().
X E=apy

The CI model in the optic electronic channel in accordance
with (31) can be represented as follows:

SoE = HSOE”HE@ , (32)

i $ &-vi j(to) \d
So(i. ) =By + 2 (Baip, _Bbe)(D(+ " ox
m=1 Y E=Cn
where
bm
=a

E—Xijlto))
e

The signal brightness Bg, (i, J, t, &, 1, @) , which is received by
the CENS OE sensor from the SS element at a point (i, ) in
time t described by the expression [9]:

+n(t).

Bar (i J:te. 1 @) = E(i, j .6, b, @) (6 ) , (33)

where E(i, ] t,e,u,@) — is the spectral illumination field,
which is created by the image element (i, j) ;

rgr (i, J. t,&, 1, @) — the spectral brightness coefficient;

w — the observation and illumination conditions vector:

w=|o0 oy Egi /Egi; (34)
¢ and ¢ — the angles of the SS element observation;
o and y — the angles of the SS element illumination;
Eg4ir and Egj— - random illumination fields, which are

created by direct and diffuse radiation.

Taking into account (33), the model of the image of the SS
formed by the OE sensor can be represented as:
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Sssog (i 1) =B (i, . t, &, 1, @, ¢, o, 9, E gir , E g ) » (35)

where g, — it is the dielectric and magnetic permeability of
covers and SS materials.

3. CONCLUSION

A formalized basic model has been developed for describing
the operation of combined CENS FR, which describes the
scheme of signal conversion without taking into account the
specific features of interference typical of radiometric
reception or reception by optical-electronic sensors. It is
proposed to use the probability of correct localization of the
OB as an indicator of the noise immunity of the secondary
processing system. Analytical expressions for the probability
of correct OB localization are obtained. Developed CI
models, formed by sensors of combined CENS. The
peculiarity of the models is taking into account the shape of
the real ADD, the inertia of the sensors and the blurring of the
image due to the FR movement during the frame exposure
time. The models allow to calculate the output signals of the
sensors of the combined CENS without the intrinsic noise of
the channels.
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