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MATHEMATICAL FOUNDATIONS OF
NAVIGATION PARAMETERS OF THE
AIR TRANSPORT BY MAGNETOMINAL
CIRCULATION BY USING THE METHOD
OF LEAST SQUARES

Cyuacni npovecu yYnpasiinis NOGIMPSIHUM PYXOM Peani3ylomocs na eOunitl ingopmauitnii niampopmi —
2106a1HO-TOKATLHUX THOOPMAUIINUX Kiacmepax, wo 00 'conani 6 edune ingopmayiiine cepedosuue. 101061010
ingopmayiinoio ckaadosor 0is Makoi cucmemu € Hasizauiina iHGopMauis nPo MiCUENoLONCeHHsL KOICHOZ0 NO-
BIMPSI020 CYOHA, AKA MICMUMb OUHAMIUHO OHOBIIOBANHI Oai NPO 11020 NOMOUNT KOOPOUHAMU Ma NAPAMEMPU
PYXY. 3a maxkux ymos nocmae 3a0aua KOMNIeKCyeanms nasizauitinoi ingopmauii, ompumanoi 6io piznux ingop-
Mauitinux oxcepel, wo CKiadaomy asioniKy nogimpanozo cyona. ITpaduyiini nioxodu ne sabesneuyioms cymicie
32na00cyeanmns Koopounamuoi ingopmayii ineapianmmno 0o cunxponisauii eumipie, momy o6’exmom docaioxncenn
BUSHAUCHO CIAMUCTUYHULL ANANI3 eKCNePUMEHMALLHUX 6UOIPOK HABI2AUITIHUX NAPAMempIE.

Y pobomi posensdaemocs mamemamuunuii anapam ons 3abe3nevenis 6a2amoGUMIPHO20 321A0NCYEAHIA HA-
BL2AUTHHUX NAPAMEMPIE NOBIMPSN020 CYOHA 3 BUKOPUCAHHAM MEMOOY HaUMeHwux keadpamis. /lns peanizauii
3anpPononosaozo nioxody suxopucmano memoo aginiozo eidobpaicenis koopounamiozo npocmopy. Ile sabesneuye
OMPUMANHS HE3ANCHCHUX DYHKUIOHAIDHUX 3ALCHCHOCTMEN KOOPOUHAMI020 NOLS JIMAKA 045 ix cymictoi 00pobKu
MemMoOOM HAUMEHUUX K6aopamis.

Pospobrene mamemamuune 3abesneueniis 6azamomipHozo 321A0ACYSANH HABIZAUIIHUX NAPAMEMPIE N06Gi-
mMpsAH020 CYyona modce 6ymu GUKOpUcmane 0as A0CILONCeHIHs NPOUECi8 e6OMOUIT Ma CYNPOBOAINCEHH NPOZPAMILOZO
sabesneuenns 6opMO6020 OOUUCIIOBAILHOZ0 KOMNIEKCY NOGIMPAN020 cyona. Ocobausicmio nioxody € uacose y3-
2009ICENHA OMPUMYBAHUX BUMIPIE HA PIBHI MOOENE, WO SHUICYE BUMOZU 00 CUHXPOHHOCTL NePEUNHUX HAGT2AUITIHUX
napamempie ma posuupIoe MONICAUGOCMI 00 NEPeriKy napamempis, uo 06pobLLOmvcs cymicno. 3asnauene 3abes-
neuye nidsuuleHIs MOUHOCME BUSHAYCHHI NOMOYH020 NOJONCCHHS JIMAKA NOPIBHANO 3 MPAOUUTHUHUMU Ni0X00amMu
3a paxynox sanyuenis 000amro6oi nadmipnocmi danux.

3anpononosanuii nioxio moxce Gymu Po3NOGCIOONCEHUT HA WUPOKE KOO NPUKIAOHUX 2aAY3ell, NOG A3ANUX
3 BUMIPIOBAHHAM, OUIHIOBAHHAM 1 NPOZHO3YBAHHAM SMIHU Y UACT 83AEMO3ANEIHCHUX NPOUECIE.

Kmo4osi cnosa: npouecu ynpasiinis NOGIMPIHUM PYXOM, AGIOHIKA NOGIMPAN020 cyona, nasizauitina ingop-
Mayis, Memoo HAUMEeHWUX K8aopamie.
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1. Introduction

The development of information technologies in a de-
cisive way forms the development trend of the aviation
industry. Modern processes of air traffic control are realized
on a single information platform, named globally-localized
information clusters, united in a single information envi-
ronment. The elements and participants of such a process
(subjects and objects of management) include:

— land-based systems and air control systems;

— land-based air traffic control complexes — land-based

cluster;

— air cluster, which includes aircrafts of different types

and destination.

An air cluster should be considered at the local level
of an individual aircraft. Then the local information envi-
ronment of the aircraft should be regarded as being formed
by systems and avionics complexes.

Modern avionics systems are based on the principle
of integrated systems, which is a local element of a dis-
tributed information system that functions on the general
information environment of the air traffic control system.

The main information component for such a system is
navigational information about the location of each aircraft,
which contains dynamically updated data on its current
coordinates and traffic parameters. Traditionally, in the
avionics of each aircraft there are three classes of naviga-
tion systems: autonomous navigation systems; stand-alone
radio-navigation systems; non-autonomous radionavigation
systems [1]. Each of these three classes can potentially be
represented by up to four types of discrete radio naviga-
tion devices. Such presence of navigation systems and
devices is stipulated by strict requirements to the safety
of aircraft flights, which is achieved by elementary reser-
vation and dubbing sources of trajectory information. At
the same time, the resulting excessive data can be applied
to improve the accuracy of determining the navigational
parameters of the aircraft when they are jointly processed.

Implementation of such an idea requires the creation
of a unified information environment and the development
of mathematical methods for integrated (multidimensional)
processing of navigation information from a set of indepen-
dent information sources — navigation systems of different
classes and types located on board a specific type of aircraft.
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From a practical point of view, such an approach re-
quires the application of the evolution of the software of
the airborne computing complex with the introduction of
network technologies for collecting, storing and processing
navigation information [2].

The relevance of the research is in development of
a mathematical background for multidimensional smoothing
of navigational parameters of an aircraft for the imple-
mentation of software evolution of the onboard aircraft
computer complex.

2. The ohject of research
and its technological audit

The object of research is a statistical analysis of ex-
perimental sampling of aircraft navigational parameters.
These parameters characterize the aircraft path trajectory
taking into account the parametric and temporal excesses
to improve the accuracy of determining the navigational
parameters of the aircraft using the least squares method.

The subject of research is the process of processing the
accumulated sampling of aircraft navigational parameters.
To do this, it is necessary to determine their functional
relationship, as the quantities characterizing a single object
of a particular aircraft.

One of the most problematic places is the realization of
the process of obtaining functional interfaces of the coor-
dinates of aircraft with the preservation of the parameters
and properties of the path trajectory of a dynamic object,
regardless of the transformation of the coordinate space.

3. The aim and ohjectives of research

The aim of the research is to develop a mathemati-
cal background for multidimensional smoothing of aircraft
navigational parameters using the least squares method.

Achievement of research goal is provided by solving
interrelated partial scientific problems:

1. Mathematical formulation of the task of multidi-
mensional smoothing of navigational parameters.

2. Solution of the formulated problem by the method
of least squares using the approach of affine mapping of
the coordinate space.

4. Research of existing solutions
of the prohlem

Multivariate smoothing of navigation parameters belongs
to the class of problems of statistical processing of experi-
mental data. This is realized by finding the parameters of
the a priori given model, consistent with the stochastic
sampling of measurements [3, 4]. At present, all known
approaches to constructing mathematical models based
on experimental data are based on the maximum likeli-
hood method and its derivatives in the form of recursive
algorithms, or smoothing of the accumulated sample.

It is known solution of the problems of multidimen-
sional filtration of stochastic processes using recurrent
filters [3, 5]. However, recurrent evaluation procedures
are usually based on simplified models of investigated
processes, low accuracy of estimation and adequate fore-
cast data for 3—4 dimensions of the investigated process.
Recurrence of filtration processes is also characterized by
the phenomenon of «filter difference», but the popularity

of their application is justified by the real time obtaining
estimates of the studied dynamic processes.

According to disadvantages of recurrent approaches
for certain tasks of a posteriori evaluation, preference is
given to smoothing algorithms based on the accumulated
sample. In this sense, the problem of multidimensional
smoothing of the accumulated sample using method of
least squares remains unresolved, which provides high-
precision estimation of the aircraft navigational parameters
in the integrated avionics.

Evidence of this is a series of periodicals.

Thus in [6] the solution of the problem of multidi-
mensional recurrent filtration of navigational parameters
of a ship is proposed. The authors give a solution to the
problem of the non-synchronous measurements of the joint
evaluation. At the same time, such an approach to the
implementation of multidimensional processing of the ac-
cumulated sample is accumulated

In [5], a multimodal Kalman filter was used to smooth
navigation parameters of aerodynamic targets using non-
linear models. Multidimensionality is achieved by using
block-diagonal matrices in matrix form of a filter. This
does not provide an increase in the interval accuracy of
the resulting estimation of navigational parameters, due
to the failure to take into account the correlation bet-
ween them.

In [7] it is proposed to implement navigation of an
unmanned aircraft using intelligent technologies for con-
structing an integrated trajectory based on data from several
navigation sources. The methods of recurrent filtration are
selected based on the procedure for evaluating primary
navigation parameters. Data integration is implemented as
a decisive algorithm for the neural network. At the same
time, statistical dependencies and asynchronous measure-
ments were not taken into account.

In [8] a multidimensional recurrent filtration of three
navigation parameters was implemented. Measurements
are taken synchronously, without taking into account the
correlation between them, which is reflected in the forma-
tion of the diagonal correlation error matrix. The ques-
tion of asynchronous a posteriori smoothing of correlated
navigation parameters for the non-defined composition of
primary sources remains unresolved.

In [9], it was proposed to use a three-level scalar Kal-
man filter to estimate the parameters of the motion of
aerodynamic objects. The three-level filter structure does
not provide multidimensional smoothing, the more such
a solution is not suitable for a posterior smoothing.

In [10], the concept of integrated statistical operational
analysis of aircraft trajectories is discussed. Statistical pro-
cessing is based on recurrent expanded algorithms. Such an
approach does not solve the problem of multidimensional
a posteriori assessment of aircraft navigational parameters.

In [11] the task of multidimensional estimation of statis-
tical error of processing of experimental data is solved. The
given results allow estimate accuracy of multidimensional
approaches of complex navigation parameters. However,
the linear models used in this case do not allow the re-
sults obtained for accumulated samples to be significantly
affected by the nonlinearities of the propulsion system.

In [11] the method of multidimensional interpolation
based on method of least squares is proposed. In essence,
the approach reflects the block-diagonal expansion of least
squares method matrices, followed by the scalar replacement
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of the algorithm for calculating the estimates. The disad-
vantages of the approach are: loss of the invariance of the
algorithm to the type of model of the investigated process;
failure to take into account the correlation dependence
of the measured parameters; linearization of models of
change of investigated processes.

Finally, in [12] it is considered the possibility of imple-
menting a multidimensional statistical analysis. The basic
method of evaluation is least squares method. The unity
of the model of the investigated process for the forma-
tion of basic matrices is realized through the mechanisms
of spatial transformations. However, the procedure for
the formation of least squares method matrices is not
specified in the work, the specificity of combining the
non-synchronous navigation parameters of the PS and the
nonlinear nature of the models of its motion are not taken
into account.

Consequently, the well-known approaches to multidi-
mensional smoothing of the aircraft navigational parameters
in the integrated avionics are not provided: accumulated
multidimensional smoothing of asynchronous measurements;
taking into account the correlation of navigation parameters
for increasing the interval accuracy of the assessment of
the location of the aircraft; the use of nonlinear parame-
ters of models that adequately describe the aircraft path.

5. Methods of research

The development of a mathematical apparatus to provide
multidimensional smoothing of navigational parameters of
an aircraft is carried out using the least squares method.
To implement the proposed approach, the method of affine
mapping of coordinate space is used. This provides the
obtaining of independent functional dependencies of the
coordinate field of the aircraft for their joint processing
by the least squares method.

6. Research results

Let’s suppose aircraft navigation parameters are received
from a hypothetical navigation system on a certain flight
segment represent a sampling in the topocentric polar
(point, radar) coordinate system (RCS):

r={nn,r.n.nt
€={€1,€,€3,., €€, |,
B:{[31,BZyBsy--wBiv--an}y
F={, .. et 1,

P =5, B By B (1)

where 7, €, B are sample measurements, 7;, €; B; are radial
distance, azimuth and angle of aircraft location in space
with their change in discrete moments of time i=1...n;
7, ¥ are ample measurements, 7;, # are speed and accelera-
tion along the radial distance, respectively.

The measurement samples (1) are parametric (by the
type of measured coordinates and rates of their change),
as well as the time (on time parameter) redundancy of
the output data.

It is necessary to realize the common (multidimen-
sional) smoothing of the samplers of aircraft navigation
parameters (1), which characterize the path trajectory,

taking into account parametric and temporal excesses using
method of least squares.

It is possible to simplify the change of coordinates of
aircraft in space in the RCS by the form of polynomial
models:

r(t)=rn+nt+nt*+
e(t)=gy+et+e’+

B(t)=Bo +PBit +Pot* +

7(t )—Q—n +2nt+...,

. de(t)

&(t)= = € +2e5t+...,

. dB(t

B(t)=%=ﬁ1+2]32t+..., (2)

where 7, €, Bo, 71, €1, B1, 72, €2, Bo, ... are coordinate, speed
of change and acceleration according to the parameters
of aircraft path trajectory.

In order to realize the process of common smoothing
of the measured parameters of aircraft traffic using the
method of least squares, it is necessary to determine
their functional relationship as the values characterizing
a single object of a particular aircraft. The realization of
the process of obtaining functional interrelations of the
coordinates of aircraft is proposed using the properties of
affine mappings in the part concerning the preservation
of the parameters and properties of the traffic trajectory
of a dynamic object, regardless of the transformation of
the coordinate space [14, 15]. Thus, the interconnection
of the parameters (1) and models (2) can be found by
converting them from the RCS to the geocentric abso-
lute coordinate system (GACS) according to the sequence
shown in the diagram (Fig. 1).

RCS ):&‘ LCS

Fig. 1. Transformation scheme of BSC in GKCS:
RCS is radar coordinate system; LCS is local (topocentric Cartesian)
coordinate system; GRCS is geocentric relative coordinate system;
GACS is geocentric absolute coordinate system

GRCS GACS

Operations of Fig. 1 are provided by the formation
and use of transformation matrices, which in an analytical
form are characterized by expression [16]:

BCACS = FCACS I:FGRCS [FLCSARCS :|:|7 (3)

where Ay is a vector of the instantaneous coordinates
of aircraft and their rates of change (the base six pa-
rameters) in the RCS; By is a vector of coordinates
of aircraft and speeds of their changes in GACS; F.cs,
Fipes, Ficg are matrices of transformation of correspon-
ding coordinates, the form of which is known and widely
used [14].

Expression (3) is also true for the transformation of
models (2). Then, as a result of the application of the
transformation (3) to the models (2), it is obtained an
unambiguous relationship between the measured parameters
in the type of the GACS:
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x(t)zfx(7’0,80,[30,7’1,81,[31,...),
y(t)=ﬁ,(ro,so,Bo,n,£1,[31,...),
Z(’f):f(”OySOyBOJLEMBh )
()= [ ( 75,€0,B0,71,€1,B1,- )7
Y= fy(7'0,80,[30,7’17817[51, ),

Z(t):fz("msmﬁoﬂi,ebﬁu ) (4)

The dependencies thus obtained (4) have a complex
nonlinear character with more transcendental transpose
operations. To simplify their subsequent analysis and use,
apply differential-Taylor transformation (DTT) to them,
which will ensure that the polynomial form is obtained
without loss of the main one, for the property of the
problem under consideration, the functional dependence
of the measured coordinates.

Differential transformation [17] is an operational method
based on the translation of originals into an image area
using a differentiation operation. Differential transforma-
tions in the general case are functional transformations
of the form:

HX | d®z(t)

Z(K)=P{z(t)}, =Kl[dt’<] : )

t

2()= [ (t,0), (6)
where ¢ is an argument value, which is used for trans-
formation; Z(K) is discrete function with real arguments
K=0,1,2,...; H is segment of the argument, on which the
function is considered z(t), f(t,c), is restoring, or approxi-
mating function; ¢ is a set of free coefficients c.

Expression (5) defines a direct transformation that
allows for the original z(¢) to find mapping Z(K). Inverse
conversion that restores the original z(¢) in the form of
an approximating function, is determined by the expres-
sion (6). Differential mapping Z(K) is called differential
spectrum (DS), and values of function Z(K) with the
corresponding values of argument K are called discretes
of the differential spectrum.

In the simplest case, the function, which restores f(¢,c),
has the form of a polynomial and the task of restoring
the original reduces to discretes summing in the form of
a segment of the Taylor series. Differential transformations
in this case are called differential-Taylor [17].

Applying DTT (5), (6) to transcendental dependen-
cies (4), it is obtained polynomial forms of the form:

x(t) =Ko, + K £+ Ky, t* +...,
y(t)= Ko, + Kyt + Ko t* +...,
2(t)= Ko, + K.l + Ky, + ...,
X(t)= Ko + Kt + Kyit? +
y(t)=Ky, +K1yt+K2_i/t2 +...,

2(t)=Ko: + Kzt + Kost* + ... (7

In expressions (7), the coefficients of polynomials (dis-
cretes of models (4)) characterize the instantaneous value
of the coordinate, the speed of their change and accelera-
tion, respectively, for each coordinate, which characterizes
the location of aircraft in GACS. However, the obtained
polynomial coefficients have a unique functional dependence
on the measured coordinates of aircraft in RCS, namely:

fo;(”o;gmﬁo)

f«(ro,go,ﬁo,’%&,&)

fzx(7’0,30130#’1781761,”2781@)
Kol x(r €0,B0,7,€1,B 1),

= fis (VO,SO,BOJH,EM&)

fh(7’0,80,[30,7’1y81:[31,7’27€2,ﬁz) (8)

A similar form of dependence of the measured coor-
dinates in the RCS has the coefficients of the polyno-
mials (7) for the coordinates of aircraft in GACS and
their derivatives according to y(¢), z(¢), y(t), 2(t). The
question of the dependence formation of aircraft coordinates
of GACS from the measured coordinates, in addition to
the mapping properties (3), is determined by the form of
representation of the initial data (instantaneous coordinate
values (1) or analogical models (2)) and determines the
order of polynomial forms (7), as well as dependencies (8).
In the future, this circumstance should be taken into ac-
count when forming the matrices of least squares method
for the implementation of common smoothing of measured
experimental samples.

Thus, in obtaining the analytic dependencies of the
form (7), it is necessary to take into account the set of
output (measured) data (1) for the formation of models (2)
and the transformations (3)—(8) for the purpose of joint
smoothing of coordinates.

In essence, the task of general smoothing of the mea-
sured parameters was reduced to least squares method
approximation with multiple and (or) triple nodes [18].
It is possible to demonstrate this when forming the ma-
trixes of the least squares method in the example of triple
nodes in this way. In general, the algorithm of least
squares method with triple nodes can be represented in
the matrix form [4]:

=Q"’®, R=B"RB,

K=R"B"(Q"*QK),X = FK. 9)

The matrices of least squares method algorithm in the
form (9) have the following names and dimensions for
experimental samples of measurements and polynomials
of the m-th degree, taking into account the transforma-
tions of the initial parameters (1) or in the form (2) to
the form (7):

— K[mx1] — vector of coefficients of smoothing poly-

nomial type (7);

— F[nxm] — matrix of values of basic functions for

a coordinate;

— X[nx1] — vector of smoothing (estimations) of the

parameters of aircraft trajectory in GACS;

- I?[Snxi] — vector of coordinates and its deriva-

tives in GACS;

— ®[3nxm| — matrix of values of basic functions for

a coordinate and its derivatives;

~ Q[3nx3n] — weight matrix for the coordinate and

its derivatives;

~ R[mxm] — correlation error matrix (CEM) for de-

termining the coordinates of aircraft in GACS associated

with the measured parameters in RCS in the form (8);

- R[mxm] — correlation matrix of estimation errors

of aircraft coordinates in GACS;
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~ Q[3nx3n] - correction matrix;

— B[3nxm] — matrix of weighted values of the basis

functions of the coordinate and its derivatives.

The indicated matrices in the general form taking into
account transformations of the initial data (1), (2) to the
form (7) are formed as follows:

K

T
(Koxt Kix, Kox, Kox, Kix, Koy, - )
Koy, Kix, Koy, ... Kox, Kix, Kox,

R=(R K K, K,) X =(%,%,..X,)",

G?@ Pk PKoK,
R= Pk, Ok, Pkik, ,
Px,ky P,k - Ox,
O, Pri, P&,
R Pik Ok, Pz, , (10)
Pi,k Pr,k - O,
doCxr)  0i(y) & ()
Fe Go(x2)  §1(22) O (x2) ,
do(x,)  01(x,) &n(x,)
() §2(xy) ¢ ()
o1(xr)  05(x) o7 (1)
o) 05(y) o7 (1)
o= .. , (11)
Oi(x1)  §2(xy) & ()
o1(xr)  05(x) O (xr)
o) 05(xy) o7 (1)
g 0 0 0O 0 0
0 g 0 0O 0 0
0 0 gq 0O 0 0
Q=|.. .. e |y
0 0 0 g, 0 0
0 0 0 0 g, O
0o 0 0 0o 0 g
1 0 0 0 0 0
0 Q 0 0 0 0
0 0 Qf 0 0 0
Q=|.. (12)
0 0 0
0O 0 0 .. 0 Q O
0 0 0 .. 0 0 Q

In (10) denotations ¢, =1/c%  , q:=1/0%, , ¢:=1/c%,
characterize the quantities inversely proportional to the
dispersion of the measurement of the corresponding coor-
dinates and its derivatives, and the parameter Q; is equal
to the time interval for obtaining measurements of velo-
city and acceleration in coordinate Tj. Parameter x; is
a digitization of the elements of an experimental sample of
even-discrete sequence — a grid of measurements for scaling

and temporal binding on the argument of approximating
polynomials of the form (7). If it is necessary to obtain,
in addition to estimates, the coordinates of its derivatives
should be replaced by a matrix of basic functions F its
extended analogue @.

Definition of basis functions for coordinate ¢,,(x) and its
derivatives ¢,,(x), Oy (x;) is realized from the condition of
their mutual (within the same name parameter) of orthogo-
nality in a polynomial form on the basis of a power series.

Calculations of CEM determination of the aircraft co-
ordinates in GACS are realized on the source CEM of the
aircraft coordinates in RCS — Rpgcs. The output matrix is
formed by a diagonal form according to known informa-
tion about the potential accuracy of aircraft coordinate
meter. Next, the properties of the affine mapping of the
coordinates of the substation with the RCS in the GACS
(referring to the scheme of Fig. 1) for obtaining R in
GACS according to the expression [9]:

R= .]Z"ACS I:J(]}‘RCS [JZ;RC.VRRC.YJLC,V].]GRCS].]CACS! (13)

where ;¢ = (aBLcs/aARcs) Jores = (aB(RLS/aBLLS) Jeacs =
=(0Bucs/9Bsres) are Jacobi matrices composed of the Jaco-
bians transforming the source vector from RCS into GACS
with intermediate transformations according to the scheme
of Fig. 1 in the coordinate vectors of aircraft in LCS —
B,y and GRCS — Bgges; RRCS:diag(GE c: 6} 6} o} Gg) is
a diagonal matrix of dispersion of errors of measurement
of corresponding coordinates and speeds of their changes.
Formation of the vector of measurements of the coordi-
nate and its derivatives in GACS is realized by transferring
the received experimental samples of aircraft coordinates (1)
to GRCS in accordance with the scheme of Fig. 1.
Formulated using the (11)—(13) matrix (10) of least
squares method algorithm (9), one can obtain polynomial
models of the form (7), estimating the aircraft coordinates
and the velocities of their changes in the GACS taking
into account the measurements of the coordinates and
velocities of the observation object in the RCS. In other
words, take into account simultaneously the parametric
and temporary redundancy of the initial data in the es-
timation of a single coordinate and its derivatives. The
mechanism of accounting for time and parametric excesses
is the essence of the formed expressions (8) for models (7),
where, in the form of functions with separated variables,
one-valued functional dependences of the evaluated coor-
dinates on the measured parameters are obtained.

7. SWOT analysis of research results

Strengths. Multidimensional smoothing provides an
increase in the accuracy of the estimation of the posi-
tion of the aircraft in space due to the joint statisti-
cal processing of parametric and time redundancy of the
measured navigational parameters of the aircraft. It also
provides increased spatial accuracy of the estimation of
the aircraft’s position by increasing the interval accuracy
of the assessment of navigational parameters.

Weaknesses. Method of least squares, which is used
in the work, implements a common (multidimensional)
smoothing of samples of navigational parameters of the
aircraft, whose functional dependencies have a complex
nonlinear character with a large number of transposed
transpose operations.
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Opportunities. The proposed approach to multidimen-
sional smoothing can be extended to a wide range of
applied branches related to measurement, estimation and
forecasting of time-varying interdependent processes.

Threats. The process of multidimensional smoothing
of samples of navigational parameters of aircraft by the
proposed method is independent of other processes of
processing of navigation information, therefore there is
no threat of negative impact on the object of study of
external factors.

Implementation of the proposed approach does not
require additional costs for the company.

1. Mathematical statement of the problem of multi-
dimensional smoothing of navigational parameters of the
substation is formulated. These parameters characterize the
aircraft trajectory taking into account the parametric and
temporal excesses to improve the accuracy of determining
the navigational parameters of the aircraft using the least
squares method.

2. The method of least squares used to implement
the common smoothing of measured parameters of the
propulsion system was further developed. For this pur-
pose, a functional relationship between these parameters
was defined as the values characterizing a single object
of a particular aircraft. The realization of the process of
obtaining functional interactions of coordinates of aircraft
is proposed by using the properties of affine mappings in
the part concerning the preservation of the parameters and
properties of the trajectory of the motion of a dynamic
object irrespective of the transformation of the coordinate
space. Differential-Taylors transformations were used to
facilitate their subsequent analysis and use.
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