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ABSTRACT

The sight surface (SS) results for the generalized model
image development of the correlation-extreme
navigation systems (KENS) of mobile robots (MR) in
the informative parameter step difference form used in
the system are presented. The generalized telegraph
process model usage possibility of the radiation emitter
image in a wide MR spectral range is substantiated. To
assess the KENS accuracy potential for this model type
image the relations are obtained. The potential KENS
positioning accuracy assessment for typical model
conditions of MR usage is carried out. The estimates
are made for the informative parameter used in
radiometric navigation systems, which can be similarly
obtained for other types of informative parameters.

Key words: mobile robot, extreme correlation
navigation system, generalized telegraph process,
potential accuracy.

1. INTRODUCTION
The mobile robots accuracy location, as one of the
most important quality indicators, largely depends on
the images describing method formed by one or
another  correlation-extreme  navigation  system,
regardless of the informative parameter type used [1].

For the low-altitude MRs, most frequently used images
are of the object against the background type, which
are the surface sight images in the form of a step
difference informative parameter along the flight
direction. To determine the potential accuracy of the
radiometric KENS MR the relations are obtained.
Numerical evaluations of the MR potential accuracy
navigation using a radiometer as an informative sensor
and an image of a generalized telegraph process form
are performed.
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1.1 Problem analysis

The SS describing method when assessing the KENS
quality functioning, regardless of the informative
parameter type, can have a significant impact on the
main characteristics of the navigation system, and, first
of all, on the accuracy characteristics. There are various
ways of presenting images, the choice of which is
determined by both the features of the KENS
construction and the conditions of their sight. For low-
altitude MRs, the most acceptable is the SS
representation image along the flight line in the form of
a step difference informative parameter described by
the generalized telegraph process and taking into
account the SS correlation properties [2]. The need for
high MR navigation accuracy determines the
appropriate studies conduct aimed at assessing the
impact of the image presentation method on the KENS
functioning quality.

The article aim is to assess the MR potential navigation
accuracy equipped with KENS when using the
informative parameter step difference along the flight
line as images, which takes into account the SS
correlation properties.

2. MAIN MATERIAL

2.1 The generalized sight surface model image
formed by KENS

Various approaches are used to represent SS images.
The analysis results of the known SS types images
representation in different spectral ranges show that to
the greatest extent of the photographing process the
zone representation is adequate [3, 4]. The image band
structure is formed due to the differences in the



electrophysical properties of the SS cover sections,
which in turn lead to differences in the reflective,
radiating characteristics of the SS objects and,
ultimately, their brightness characteristics. The zone SS
description image model adequately characterizes the
image scene and can be described by the mutual
correlation function (MCF) of the generalized telegraph
process and fully takes possible variations in the
brightness of materials and covers into account, as well
as the SS =zone structure changing possibility.
According to [5], the SS images have a non-Gaussian
distribution law and contain constant in time zones
with electrophysical characteristics of various covers
and materials. The most characteristic stable features of
the image, as a rule, are the boundaries of these SS
unchanged sections (Figure 1) [6].
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Figure 1 :Rradio brightness temperature distribution
over the sight area: a) angle of sight 90% b) sight angle
60% c) viewing angle 45°

Therefore, the largest amount of the SS information in
the image frame is concentrated on the zones
boundaries [2, 3, 6]. At the same time, based on the
random nature of the images filling that are being
formed, the approach to their presentation should be
statistical, and the analysis method should be
correlation-spectral. The image similarity degree along
with the deterministic reference image (template) is
determined by calculating the MCF with the search for
the extreme of this function, which determines the
stochastic connection degree of the images. For
deterministic images, there are optimal similarity
measures. In the case under consideration, for the
template and ensemble of images, the optimal measure
of similarity does not exist. Therefore, given the fact
that, under certain assumptions, KENS can be
considered as linear systems, it is advisable to apply
linear similarity measures, despite their simplicity and
optimal for a Gaussian signal. It is known that any
linear similarity measure can be expressed through a
correlation function. Therefore, MCF [6] can be
selected as the current image model (CI).

Since the probability density of the image is unknown,
to determine the MCF image, we represent the sight

surface Sg (t,0) as a set of homogeneous zones S;
and integuments A; , each of which is characterized by
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its brightness value Tg; which is the same within the
k-th zone:

SClK (t’e) :SITerl (Xayat) ) (1)

where r; (x,y,t) — is the indicator functionr, (x,y,t)=1, if
X ye A i(xyt)=0,ifx,ye A;.

Then, the SS image in representation (1) in any
possible direction will look similar to the generalized
telegraph process.

It is known [4] that the correlation function of such a
process is described by the expression:

R(r)=exp(-o/1) , 2

where a=1/t, — is the reciprocal of the correlation
interval T .

If we assume that the statistical properties of
homogeneous surface zones are the same, then they can
be considered isotropic. In this case, it is enough to
determine the correlation function (2) by one
coordinate (x or y).

In the general case, the image correlation function for
an infinitely large sample, depending on the direction
and size of the homogeneous zones, will be determined
by the expression:

R(F)=exp(-o/7) . @)
For a finite large sample, the correlation function (3)
will asymptotically approach the exponent.

Thus, a generalized SS image model in a wide spectral
range can be represented by the correlation function of
the generalized telegraph process for any SS part with
the correlation interval corresponding to a specific
region.

According to (3), the final expression for the decisive
function (DF), taking into account the SS correlation
properties, can be represented as follows:

Ri (t,1,0,0;)=Fsp | Frs (exp(-o/r), n (1)), Sgi (6;) |, (4)

where Fgp — is the comparison operator of the current
Frs (exp(-o/r)) and reference Sg, (6;) images;

Frs — an operator describing the CI forming process;
n(t)— additive noise in the KENS channels.

Optical images can also be described by a generalized
telegraph process, since the basis of image formation is
the results of aerial photography, which determine their
zone structure.



Thus, a statistical approach to the description of the SS
images has been substantiated, which allows the
generalized telegraph process, representing the SSs
with the corresponding correlation function, to be the
basis of the image description model.

When filling the image scene obtained as a result of
aerial photography of the area with brightness values,
an image with a degree of detail, which is determined
by the resolution of the photo image, can be obtained.

2.2 Determination of the potential KENS
radiometric accuracy

Positioning in order to assess the potential accuracy of
determining the radiometric KENS in accordance with
(2), we will present the SS image in the form of a step
wise difference in radio brightness temperatures along
the line x = a, . The geometric conditions for the

formation of KENS CI MR are presented in Figure 2
[71.

b)

Figure 2 : Geometric conditions for the formation of
KENS CI MR: a) the antenna pattern position (APP) of
the radiometric sensor in the xyz plane; b) partial APP

when changing the spatial position of MR
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where half-space S; is determined by the expression

S ={(x,y)eR2 (xzal}.

Thus, when using (5), it should be assumed by =co,

¢y =-, dy =0 . To simplify the problem, we also make
the assumption that the channels characteristics of each
row are the same, i.e. oj;=L=ajy, =Z; . In addition, we
assume that the event that the difference line falls x=a;

into the system’s field of view is reliable. Then the
output signals set of the multi-channel radiometric
KENS can be written in accordance with (5) as
follows:

hij (O=Ty +ATT; (Le) (0, i€ LNy, je LN, , (6)
it

z Gi(® 2
f. (te)=1-0 [S—J +exp ! x
| 5 eLito)
. ]

8I
t
{(D(s-maﬂ_ﬂ
& ')
&t

where

+

AT=T,-T,e=a, - X,,
£ (1) = ky[z,ta (0 —B,) + V(t - t,)sin B, sec(o - B,)]

Let a frame be taken at time t, i.e. the output voltages
of the channels are fixed. Then nj is a random

j €N(005). We determine the

parameter €, characterizing the shift in the difference in
radio brightness temperature relative to the projection
of the MR on the xy plane, and evaluate the accuracy
of its measurement in the presence of interfering

variable, moreover n;

parameters Ty, Ty against the noise background {nij}.

We assume that a prior information on the parameters
g Tq, Tq) is absent.

Let us formulate the problem in terms of the estimating
signal parameters theory: using the additive model (6)
of the signal interaction with noise, the statistical
characteristics of which are assumed to be known, it is
necessary to find the optimal estimate of the unknown
signal parameter ¢ in the presence of unknown
interfering parameters Ty, Ty, as well as determine

the algorithm for generating the optimal estimate and
its accuracy measurements [7].

Since there is no prior information on the parameters,
we will use the maximum likelihood criterion as an
optimal criterion, and the interfering parameters will be
evaluated along with the main one.



For the logarithm of the likelihood function of the
estimated parameters &, Ty, Ty, Up to an insignificant

constant, we can obtain the expression.

P - 2
1 NUN2| Ty - (Ty-Ty ) i ()
i) 174 )4
L(e,Ty ch)—-—zz ( ) .
2iz 1j=1 Zi
The system of likelihood equations has the form:
(h—T—(Tl-Tq,)f,fg):O,
2
Tl(f( +Ty (f,e):(f,h); (8)
Ty (f.e)+ Ty (e(* =(h.e),
where the vector notation is introduced and the
notation is used:
N
3. 2 -
6j=———: h;= 1 h,J,lel,Nl 9
YN oiN2 i3
h:(hl""’th);T:(T(i)/cl""’T(b/GNl);
f:(fl/cl,...,FNl/GNl),
afl ale
fo=|—,..., ,
oe oe
1'f1 1_fN1
o1 o ONg ’
(D[ -Csi(é)+|]+
2 _ )
T O IO -
oe BiGi 2 Tj 6i iex _[8'€i(§)]
J2n 257
L exp| - [€'C| (t)]
J% 257
&0

From the expressions (9) it can be seen that the output
signals of the channels within the row must be
averaged and the variance of the averaged signal is less
than the N, variance of one output channel signal.

The system of equations (8) describes an algorithm for
optimal signal processing of multi-channel KENS. In
the practical use of the algorithm, it is necessary to find
all the solutions of the system and choose from them
the one that delivers the global maximum of the
likelihood function.

To do this, you must first resolve the equations linear
system consisting of the last two system equations (8):
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||e||< (i )(h,e>,
& ||e|| Y
IR ¢

Il || ||

then substitute the values (10) in the first of equations
(8) and find all its solutions using one of the known
numerical methods, and then find the solution
corresponding to the largest maximum of function (7).

(10)
h f)

In order to find the potential accuracy of measuring
estimates, we construct the Fisher information matrix

[8]:

Pltel® aT(r1) aT(ef)
F=| aT(Rf,)  |f (f.e)
AT(efs)  (f.e) el

The parameters estimates variances of €, Ty, T(b are

determined by the diagonal elements of the inverse
matrix:

o2 detF[lfll e -ef s a
Syt o
AT)?
G%p :(deu): ["fuz d ‘(fS’fﬂ’ &
where
detr = (AT { [t [ Jelf - (t.e)° |-

—(m)[ueuz (1.f,)-(fe) (e f, >} +
()| (F) () -[F° (e.f) ]}

Given that (f,e)=|f|| [le]cos|f.e] .

where cos ||f e|| is the cosine of the angle between the

vectors f and e, formulas (11) - (13) can be simplified
and the following expressions can be obtained for the
standard deviations of the estimated parameters:

Jsin (f, e)‘

sin fg,e>‘ . (14)
1 TR ety

[sin (f; .¢)|
T T e[ F(f e 1)



Where

1—cos? If.e] —cos? ||f,f ||—cos2 ||e,f || +
F(f,e,f,) = .
+2cos|ff, ] cos|f, f, | cos|e. f.. |

Relations (14) are generalized and can be simplified in
case that the sensitivity of all the radiometer channels
is the same and equal to & .

2.3 The results of a quantitative assessment of the
KENS accuracy radiometric characteristics

An expressions analysis (14) shows that the parameter
estimation accuracy Ty, T(b does not depend on the

values of these parameters. The accuracy of the KENS
positioning is inversely proportional to the ratio A T/c ,

which is the signal-to-noise ratio for the simplest image
in the form of a temperature difference along a straight
orthogonal sight plane.

The accuracy positioning assessment is feasible based
on the construction of dependencies o, (¢), o7 (e),

T (¢) according to formulas (14). To do this, we will
accept the following MR model flight conditions and
SS sighting:

- the height of the MR above the Hy=0,5 km;

- flight speed MR V=0,5 km/s;

- number of rows N;=8;
- angle of sight ¢=20°;
- the APP aperture angles at half power in the elevation
plane 6, and 6, in the azimuth plane are 6X=6y=2°;
degree

s

- reduced sensitivity o, = KrTn/\/A =05

—szl; X0:y0:O .

To plot the desired dependencies, we first determine
the time constant to the radiometric channel t. To do
this, in condition that, during the frame time exposure,
the distance by which the section center of the partial
APP is shifted does not exceed the section half-width
of the main ellipse semi-axis Axjj(t) . In a plane that

passes through points: (x.,0,z9), (X.0,0), (xij i ,O)
value Ax;j(t) determined by the formula [8]:

Axjj(0=2(0)lkij (O-ete( By /2).

For these conditions, the time constant of the
radiometric channel t will be equal to:

Ay, cos (-
r=x1—_((pBl)=o,o49c.
3VsinB,
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Accordingly, the radiometric channel sensitivity will
be:

=0, 1'1/2 =2,259K..

P The results of a numerical assessment of the accuracy
characteristics are given in the form of a graph in

Figure 3. During calculations, the signal-to-noise ratio
in channels was used q=AT/oc=3.
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Figure 3 : Dependency o, (¢), oy (8), Ty (e) graphs

The dependence og(e) analysis shows that the

measuring & accuracy parameter e is the best for
temperature difference ¢, positions, which coincide
with one of the partial APP axes, and is the worst in
cases where the position of the temperature difference
is located exactly in the middle between the axes of the
neighboring APPs. The higher the temperature
measuring accuracy T, Ty of the boundary regions,

the greater the number of the antenna rays system
covers the corresponding region.

For images where the anchor object occupies a
significant part of the sensor’s view field, a significant
improvement in the MR navigation is possible
compared to the resolution element of the antenna
system on the ground. So, for example, with an average
distance between the axes of the APPs adjacent
sections of the 20 m order for the signal-to-noise ratio
0=5...9 the accuracy of positioning will be

0,=(45..2,5)m.
3. CONCLUSION

A model is proposed to describe the SS when
navigating low-altitude MR equipped with KENS in
the form of a step difference in the informative
parameter, which is well described by the generalized
telegraph process and takes into account the SS
correlation properties. The model feature is its
application in a wide spectral range, regardless of the
informative parameter type.

The KENS potential accuracy assessing relations for
the step type of image models are obtained .A numeric
assessment of the KENS potential accuracy positioning
for typical model conditions for the MR use with the
SS images in the form of a generalized telegraph
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process was carried out. Estimates for the informative
parameter used in radiometric navigation systems,
which can be similarly obtained for other types of
informative parameters are made.

The achieving possibility of the KENS accuracy
positioning of the several units meters order is shown.
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