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Abstract—Survey-comparative navigation systems are used for identification of landmarks that typically
in the form of spatial objects the underlying surface. The most obvious method for obtains geometric
features of the spatial object is processing its three-dimensional (3D) image. For processing 3D images
of the spatial objects in the form of a matrix of time intervals, it is proposed to use a differential method
based on the application of the properties of the first and second of derivatives of functions. The
differential method processing 3D images allows implementing algorithms for determining the
boundaries of the object on the background of the underlying surface, to determine the basic elements of

the form of the object, their number and proportions.

Index Terms—Survey-comparative navigation methods; LIDAR; cross lines; envelope of time intervals;
basic elements of the form; derivative of a function; differential method of analysis.

I. INTRODUCTION

The principal purpose of the survey-comparative
methods of navigation is to determine the location of
the aircraft by comparing the reference image of the
area contained in the memory of the navigation
computer with its actual form, received with the help
of on-board devices of technical vision [1], [2]. If
the actual image of the area with the given
probability coincides with the reference image of the
area the coordinates of which are known, then the
coordinates of the aircraft are considered definite.

The image of the terrain contains a lot of quantity
of information, the processing of which increases the
time determination of the location of the aircraft, so
it is advisable to compare not the image of the area,
but clearly expressed landmarks on it (Fig. 1).
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Fig. 1. The landmarks on image of the terrain

The using of the survey-comparative navigation
system (SCNS) suggests finding of objects on the
plot of the earth's surface similar to the reference
landmarks. It means necessary to solve the problem
of recognition of terrestrial objects [3].

There are passive and active sensors for creating
3D images of the spatial objects. Passive sensors are
systems that use a variety of stereoscopic methods for
image processing. Active sensors include distance-
measuring systems and systems that use the
holographic methods. The use in airplanes of passive
sensors of SCNS for to obtain 3D images of remote
objects and their automatic processing is problematic,
as to increase the resolution of the range it is
necessary to increase the geometric basis of
observation. It is problematic to use SCNS that based
on holographic methods, which is related to the
requirements for a laser source, the main of which is
to ensure the coherence of radiation in time and
space.

Distance-measuring systems creating 3D images
of the spatial objects by their irradiating with a laser
beam, while fixing their geometric characteristics
and distance to them.

The analysis of achievements in the formation of
3D images and the creation on their basis of
recognition devices shows that the most promising
are the distance-measuring laser systems of
formation of 3D images which have name the
LIDAR (Light Identification, Detection and

Ranging) [4].
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LIDAR is a technology for obtaining and
processing information about remote objects with
the help of active optical systems that use light
reflection and its dispersion in transparent and
translucent environments [5].

To solve the problem of recognizing of spatial
objects, it is necessary to identify the features that
can be determined based on the processing of their
3D images and characterize the objects to be
recognized the most fully. The features used for
recognition are divided into deterministic,
probabilistic, logical and structural. The analysis of
features of spatial objects carried out by the
informative criterion has shown that the most
informative features that do not depend on the type
of sensor are geometric features (size, area, shape,
volume, etc.). In that way, for determine the
geometric features of a spatial object on the earth's
surface, it is necessary to perform an analysis of its
3D image is formed by the LIDAR.

II. PROBLEM STATEMENT

The information on the spatial component in the
3D LIDAR is derived from the high accuracy of
measuring the propagation time and receiving
radiation reflected from different elements of the
object (Fig. 2).

The distance difference to the various elements
(a, b) of the landmark characterizes the spatial
component of the object and is fixed by the time
interval t due to the distance difference to the
various elements of the object. Overall time of
reflections from the object of radiation is

t+7=2(R+AR)/c, (where ¢ is the time of radiation

propagation to the object; ¢ is the rate of propagation
of laser radiation).

D

LIDAR

Fig. 2. Method of obtaining the 3D image

When receiving reflected from the object
radiation on the matrix receiver (MR) of the LIDAR,
the object will have the form of the time interval
matrix (Figs 3 and 4).

The information contained in 3D image of an
object can be used to recognize it. When processing
the 3D image, the same features can be obtained as
in the case of 2D image (area, dimensions). In
addition, the processing of the 3D image allows
obtaining additional features of the object (shape,
volume, etc.).

Lens MR

Object

Fig. 3. Scheme for fixing time intervals
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Fig. 4. Scheme for the time interval matrix

An analysis of the geometric features of a spatial
object has shown that volume is the most complete
characteristic of a spatial geometric figure, which
can be determined by processing its 3D image.

Because of this, for the implementation of the
survey-comparative navigation method, model of 3D
image analysis of the LIDAR system should be used.
That will allow defining geometric features of
spatial objects necessary for solving the task of
recognition and identification of landmarks.

III. PROBLEM SOLUTION

While researching a 3D image of a spatial object
a more sophisticated analysis of the model of
formation of the time interval matrix is needed.

The time intervals 7, , measured by the LIDAR

consist of two components (Fig. 5):
— 1, is the time that characterizes the distance R

from the plane of the receiving lens of the LIDAR to
the tangential plane perpendicular to the direction of
radiation propagation and it is crossing the object of
observation at the nearest point to the LIDAR. This
time characterizes the range to the object;

- 1,(i,j) is the time that characterizes the

distance from the tangent plane to the nth point on
the object containing the projection of the ith
element of the j-line of the receiver of radiation.
This time is a spatial characteristic of the object.
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Fig. 5. The model for the formation of a time intervals

Therefore, the LIDAR will form the time interval
matrix of the object of observation in the form of
time intervals of its spatial characteristics without
taking into account the distance to the object:

1,6 ) =(1, —1,)+AT,,

where At is the quantity characterizing the

measuring error of the time interval.

Defining the geometric features of an object by
using its 3D image requires it is defining of the
boundaries of the object and its form. To accomplish
this task, a differential method based on usage of the
geometric characteristics of the derivative function
can be used.

The derivative of a function y = f{x) of a variable
x is a measure of the rate at which the value y of the
function changes with respect to the change of the
variable x [6]. It is called the derivative of f with
respect to x. If x and y are real numbers, and if the
graph of f is plotted against x, the derivative is the
slope of this graph at each point [3]. If y is a linear
function of x, meaning that the graph of y is a line
(Fig. 6a), then in this case, y = f(x) = mx + b, for real
numbers m and b, and the slope m is given by

A
m=—y=tg6.

Ax

This gives an exact value for the slope of a line.
Sometimes the coefficient m is called the slope or
the angular coefficient. If the function f'is not linear,
however, then the change in y divided by the change
in x varies: differentiation is a method to find an
exact value for this rate of change at any given value
of x, this change determines the curvature of the
function (Fig. 6b).

The geometric meaning of the derivative f(x) of
the function f (x) at the point 4 (x, y) is the angular
coefficient of the tangent to the graph of the function

y = f(x) (Fig. 6). The equation of a line on a plane is
written by

y=mx+Db,

where m =tg0 = f'(x) is the angular coefficient of
the tangent (slope).

(a) (b)
Fig. 6. Slope of a linear function (a) and the tangent line
at A(x, y) (b)

For the application of the differential method in
the processing of 3D images, analyzing the cross-
section of the ground object by the plane that passes
through the horizontal line of elements of the MR
and coincides with the direction of radiation
propagation (Fig. 7).

This plane crosses an object and forms
intersection lines (straight or curved) with its
surfaces, which are functions, to which one can
construct tangents, and determine their slope at
different points. These points are the projections of
the elements of the MR on the irradiated object.

Matrix
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Intersection
plane

Object

Intersection
lines

Fig. 7. The cross-section of the spatial object by the plane

Any spatial object can be described using basic
elements of the form (BEF), that is, simple
geometric figures [7], [8]. The basic elements of the
form that create a spatial object may have the form
of a plane or surface of the second order (cylinder,
hemisphere, etc.) [9]. Depending on the type of
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surface of spatial object (its basic elements of the
form), its intersection lines have different forms and
different derivatives of their functions:

a) at the irradiation of the plane, its intersection
line is a straight line, and the derivative of this
function is a constant slope (Fig. 8a);

b) if the object consists of several planes, which
are placed at different angles in relation to the
direction to the MR, then each plane to have another
constant slope (Fig. 8b);

¢) when irradiated surfaces of the second order,
the intersection lines are curves, and the derivatives
of these functions at each point will constantly
change (Fig. 8c).

The matrix receiver of radiation registers the
image of the object, so it is reasonable to carry out
an analysis of images in series using time intervals,
registered by separate elements of the MR.
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Fig. 8. The forms of intersection lines and their
derivatives of functions

In this case, we assume that the elements of the
horizontal line of the MR are on the OX axis and the
function y = f (x) represents the enveloping of time
intervals t(7) , which are registered by the elements
of the horizontal MR line (Figs 9 and 10c), as a
result we have expression:

©, () =1,

heret, (i) is the function of the enveloping of time

intervals for the nth BEF; i is the index number of
element on the line of MR.
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Fig. 9. Envelope of time intervals: Kp is the relative
distance between elements on the MR line
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Fig. 10. Analysis of the 3D image of a "parallelepiped"
type object using the differential method

When irradiating a ground object consisting of
basic elements in the form of a plane, the enveloping
of time intervals for one horizontal line of the MR
will have the form shown on Fig. 10c.

This case can be described mathematically using
the system of equations:

T () =mi+by, [iy;i],
T, () =myi+b,, ||,
T, () =mii+b,, |i;i,],
t,()=mi+b,, |i;i,|,
() =mgi+bg, |i ;i

here iy is the index number of element on the line of
MR, which fix the bearing surface; i is the index
number of element on the line of MR, which fix the
left side of the object; i is the index number of
element on the line of MR, which fix the right side
of the object; iy is the index number of element on
the line of MR, which fix the left top side of the base
of the object; iyis the index number of element on
the line of MR, which fix the right top side of the
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base of the object; m, is the slope for the nth BEF;
b, is the coefficient for the nth BEF.

Each equation of the system corresponds to
describing intersection line, which is created by the
intersection plane with nth BEF. Therefore, the
coefficients of the equations m; — ms characterize the
slope between the horizontal line of elements of the
MR and the corresponding intersection line of the
nth BEF. Proceeding from this, using the slope, that
is, the derivative of the function, one can
characterize the planes from which the irradiated
object forms. In the case described, the derivative of
the time intervals obtained by each individual
element of the MR line are written by:

m,,
dK

0

T;’ (l)= dTn (l) —

here v/, (i) is the derivative of the enveloping of time
intervals t(7) for the n-th BEF of the ith element of
the MHI line.

Assuming that all elements of the horizontal line
of the MR are located at the same distance from
each other, that is dK, =const , then the main

characteristic of the planes from which the object is
composed is the difference between the time
intervals fixed by adjacent elements for each j-line
of the MR:

dt(@)=1(+1)—-10).

For each BEF, of which the irradiated object is
composed, the calculation of derivatives of the
enveloping of time intervals for one MR line is
written as follows:

T;(i):ml =0, (620): ibs;ils >

‘c;(i)zmz, i]s;i]t s
T;(i):m3 =0, (820): ilt;in >
T, () =m,, in;l}s]a

(@) =m; =0,(0=0), [i ;i]-

The derivative functions: (i), t5(7), T5(i) are
zero, because the intersection lines for each BEF in
the example are parallel to the line of the elements
of the MR, which is the angle between them is zero
(6=0), therefore:

tg(0°) =0=m, =", (i)

An analysis of the first derivative of the envelope
of time intervals in the case described is shown in
Fig. 10d.

Thus, the analysis of a 3D image using the first
derivative functions of the enveloping time intervals

makes it possible to determine the shape and
orientation of the main components of the spatial
object.

To determine the geometric features of objects it
is necessary to have their actual size. If the distance
to the object and the vision angle of one element of
the MR is known, then it is possible to determine the
size of its projection on the irradiated surface, and if
the number of elements of the MR, that received the
image of the object is known then can be determined
its geometric dimensions. Therefore, it is necessary
to determine the number of MR elements that
received the image of each BEF of object and their
boundaries.

The physical content of the first derivative of the
function is the rate of change in the measured value.
In our case, this is the rate of change in the time of
arrival the laser radiation reflected from the elements
of the object.

The physical content of the second derivative is
the rate of change in speed, that is, acceleration. In
the case of analysis of time intervals, the second
derivative will provide information about the rate of
change of slopes, that is, the points of transition
between the BEF of the object. These transition
points or the numbers of the elements of the MR, it
will allow to determine the geometric dimensions of
the object. In addition, if known the information
about the distance and the angle of the place of the
object, then can be to determine its height and
volume.

Determine the boundaries of the BEFs of the
object are difficult, because in some cases the
transition from one element of the surface of the
object to the second is not clearly expressed. For a
clearer separation of the boundaries of the BEFs, an
analysis of the change of time intervals using the
second derivative can be used. For the case of
analysis of the 3D image of a "parallelepiped" type
object discussed in Fig. 10 the result of using the
second derivative will be the transformation of the
boundaries of the object elements into more
expressive single values (Fig. 10e), which can be
written as:

7(i) =0,

T, () = m, —m,, i, ],
7,(1)=0,

T%S (l) =nm;—m,, [ilt]7
T%(i) =0,

Ty () =m, —my, [i,],
T,(i) =0,

TZs (l) =ms —my, [irs]’
T3(1) =0.
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here ) (i) is the second derivative of the enveloping

of time intervals for the nth BEF of the ith element
of the MHI line.

The analysis of the second derivative of time
intervals clearly distinguishes elements on the line of
MR, which determine the boundaries of the object's
BEFs. After determining the numbers of these
elements for each horizontal line of the MR, can be
found the total number of elements of the MR on
which the BEFs of the object is projected, which
will allow to more accurately determine its the
geometric features: height and volume.

IV. RESULTS

The use of the differential method for treating 3D
images as a matrix of time intervals was performed
for a "parallelepiped" object with 12x12x27-meter
dimensions (Fig. 11).
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Fig. 11. The use of the differential method for analysis a
"parallelepiped" object with 12x12x27-meter dimensions

Results of researches show that the analysis of
the first derivative of the time intervals may select
the object on the bearing surface and determine its
shape (Fig. 11c). Together with the second
derivative that may determine the boundaries of the
basic elements of the shape of the object (Fig. 11d)
and taking into account the characteristics received
by the LIDAR and distances, its geometric features
can be calculated.

V. CONCLUSIONS

Using the differential method for analysis of 3D
images of objects allows determining their sizes,
shape and therefore to form their geometric features.
Applying these features and recognition algorithms,
it will allow determining the location of the aircraft
using survey-comparative navigation tools.
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0. O. Yy:ka, B. I'. Pomanenxo. {udepenuianbuuii anajiz 300paxens 3D gaTyukiB orisi10Bo-nopiBHAJLHUX
HaBiramiiiHux cucrem

OrJs110BO-TIOPIiBHSUIbHI HaBiramiiiHi CHCTEMH BHUKOPHUCTOBYIOTHCS JJIsl BUSIBJICHHS OPIEHTHPIB, SKi 3a3BHYall MaroTh
BUTJISII TPOCTOPOBUX 00'€KTIB Ha MiACTHIArO4id moBepxHi. HalOimbil OYEBUIHMM CIIOCOOOM  OTPUMAaHHS
TCOMETPUYHUX O3HAK IMPOCTOPOBOro 00'ekTa € 00poOka ¥oro TpuBuMipHOro (3D) 300paxenns. Jlns odpobku 3D-
300paKeHb TPOCTOPOBHUX O0'e€KTiB y (opMi MaTpUIll YacCOBHX IHTEpBaJiB IPOIOHYETHCS BHKOPHUCTOBYBATH
nu(epeHIiaTbHIA METOJ, 10 0a3yeThcs Ha 3aCTOCYBaHHI BJIACTMBOCTEH MepIIOl Ta JAPYroi MOXiTHHUX (YHKIIIH.
JudepenuilioBanmnii Merox 00podku 3D-300paskeHb TO3BOJISIE peani3yBaTH alrOpUTMU BH3HAYEHHS MEX 00'€KTa Ha
(oHI MiZCTHIAI0Y0] TOBEPXHIi, HOro 0a30BUX eeMEHTIB (POPMH, TX KUTBKICTh Ta PO3MIpH.
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A. A. Yyxa, B. I. Pomanenko. duddepeHuuanbHbplii aHaan3 unsodpaxenuii 3D patymkoB 0030pHO-
CPaBHUTEJIbHBIX HABUTAIIMOHHBIX CHCTEM

O030pHO-CPaBHUTENbHBIE HABHTI'ALMOHHBIE CHCTEMBI HCIIONB3YIOTCS ISl BBISBICHHS OPHEHTHUPOB, KOTOPBIE OOBIYHO
HUMEIOT BHJ TIPOCTPAHCTBEHHBIX OOBEKTOB Ha IMOACTHJIAIOUIEH MNOBepXHOCTH. Haubornee O4YeBHAHBIM CHOCOOOM
TIOJTYYeHHs] TE€OMETPHUUYECKHX IIPH3HAKOB IPOCTPAHCTBEHHOTO OOBEeKTa siBiseTcs oOpaboTka ero TpexmepHoro (3D)
n3obpaxenus. Jns obpaborku 3D-u300paskeHUH NPOCTPaHCTBEHHBIX OOBEKTOB B (hOpME MAaTpHUIBl BPEMEHHBIX
WHTEPBAJIOB IPEJIAaraeTcsl UCIONb30BaTh AU(GepeHIManbHbI METO], OCHOBAaHHBIH Ha TPUMEHEHUH CBOWCTB IIEPBOW U
BTOpPO# npon3BoAHKIX (yHKIMH. [nddepenippoBannsiii Meron 00padoTku 3D-n300paskeHnH MO3BOJSET PeaIn30BaTh
aJITOPUTMBI ONPEEIICHUs TPaHuLl 00beKTa Ha ()OHE MOACTHIAIOIIEH MOBEPXHOCTH, €ro 0a30BbIX JIEMEHTOB (DOPMBI, UX
KOJIMYECTBO U pa3Mephl.

KiroueBble ciioBa: 0030pHO-CpaBHHUTENbHBIC MeToApl HaBuranuu, LIDAR; nuHMM mepecedeHus; oruodaromas
BPEMEHHBIX HHTEPBAJIOB; 0a30BbIE 3JIEMEHTHI (POPMBI; Ipou3BoAHAs GpyHKIMM; U depeHIUaTbHBIA METO]] aHAIN3A.

Yy:xaa Anekceil Anexkcanaposny. Kannuaat TexHudeckux Hayk. J{oueHT.

Kadenpa aBuonnku, Y4eOHO-HayYHBIH MHCTHTYT adpoHaBUranuy, HaloHanbHbIH aBUalIMOHHBINA YHUBepcutet, Kues,
VYkpauna.

Oo6pasoBanue: Kuesckuii nHCTHTYT BoenHo-Bo3aymHbx Cuit, Kues, Ykpanna (1988).

Hanpagienue HaygyHOI A€ATENBHOCTH: SKCIUTYaTallusl aBUALIMOHHBIX aBTOMATU3UPOBAHHBIX CUCTEM.

Konugectro myOnukarnuii: 0oiee copoka.

E-mail: achuzha@nau.edu.ua

Pomanenko Bukrop I'puropreBny. KanaunaTt rexHudeckux Hayk. JIOIEHT.

Kadenpa aBuonuku, Y4eOHO-HaYYHBIH MHCTUTYT a’poHaBHUIranuy, HaloHanbHbIH aBUalIMOHHBINA YHUBepcutet, Kues,
VYkpauna.

O0pasoBanue: KreBckuii HHCTUTYT HH)KEHEPOB TpaykIaHCKOW aBuau, Kues, Ykpanna (1988).

KonuuectBo nmybnukanmii; 64.

E-mail: rvg11235@ukr.net



