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ABSTRACT

The article indicates that in order to control the position of the vessel, measurements of the
navigation parameters are made, according to which its coordinates are calculated. In the case of
redundant measurements, the coordinates are calculated by the least-squares method, which is
effective only when the measurement errors are distributed according to the normal law. As studies
of recent decades have shown, navigation measurement errors often do not obey the normal law,
while the use of the least-squares method leads to a loss of coordinate accuracy. For this reason, it
is necessary to analyze the possibility of calculating the coordinates of the vessel in the presence of
redundant measurements by an alternative method using the orthogonal decomposition of the error
distribution density.

The paper provides an analysis of the latest achievements and publications, in which the
solution of this problem has been started and previously unsolved parts of the general problem are
highlighted. It is shown that, as a result of the analysis of statistical data of errors of navigation
measurements obtained in field observations, the distribution of errors of navigation measurements
differs from the normal law. This is also evidenced by the analysis of statistical materials on the
accuracy of determining the position of the vessel using a satellite radio navigation system receiver,
which showed that the hypothesis on the distribution of random errors in determining latitude and
longitude according to the Gaussian law is not correct.

Evaluation of the efficiency of the observed coordinates of the vessel in the presence of
redundant lines of position is made and it is shown that with mixed distribution laws, the efficiency
is less than one. The possibility of using mixed laws of two types and the generalized Puisson's law
for describing random errors of navigation measurements is shown.

It is shown that the dependence of the accuracy of the observed coordinates on the method of
their calculation is determined by the laws of the assumed and actual distribution of the
probabilities of measurement errors, and the accuracy estimate is determined using improper
integrals, the expressions for which are given in the work. It is emphasized that if the assumed and
actual laws of the distribution of the probabilities of measurement errors are different, then there is
a loss of accuracy of the observed coordinates. An expression has been chosen to characterize the
loss of precision.

At the expense of the accuracy of the observational coordinates of the vessel, it was
considered that the function of the problem was determined by the law of another type. Obtained
the equations for the given cases. The formula has been assigned to the accuracy of the accuracy
for the normal deceit. Equations were also obtained for assessing the loss of accuracy in the form
of the positioning of the observed coordinates using the additional method of orthogonal spreading
of the line position. It is necessary to carry out the measurements of the accuracy for both types of
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data and the accuracy of the vessel coordinates, obtained by the method of victorious orthogonal
distribution.

Keywords: navigation safety, methods of calculation of coordinates, loss of exactness,
ortogonal decompositions.

IlocTanoBKka npod/emMu B 3arajibHOMY BUIJISAL Ta ii 3B'A30K i3 BaKJIMBUMH HAYKOBHUMH
YU NPAKTUYHHMH 3aBJAHHAMH

JJi1 KOHTPOJIIO MicLis CyJHA MPOBOJATHCS BUMIPIOBAHHS HaBIrallMHUX apaMeTpiB, 3a SKUMHU
pPO3paxoBYIOThCSI HOTO KOOpAMHATH. Y pa3l HAUIMIIKOBUX BHUMIPIOBaHb KOOPJIWHATH
PO3PaxOBYIOThCSI METOJOM HAaMMEHLIMX KBaJpaTiB, SKUM € ePEeKTUBHUM TUIbKH IpPH PO3MOILII
MOXHOOK BHUMIPIOBaHb 32 HOPMAJIBHUM 3aKOHOM. SIK TOKa3aM JOCIIKEHHS OCTaHHIX JECATUIITH,
MOXMOKM HaBIrallifHUX BUMIPIOBAHb YacTO HE MIJKOPSIOTHCS HOPMaJbHOMY 3aKOHY, MPU IBOMY
3aCTOCYBAaHHSI METOAY HalMEHIIUX KBaJpaTiB BEJE JI0 BTPATH TOYHOCTI KOOPHMHAT.

3 wi€i NpUYUHU CHiJI TPOBECTH aHAJI3 MOKJIMBOCTI pO3paxyHKy KOOpAUHAT CyJHA MpU
HAsBHOCTI HAJUIMIIKOBUX BHUMIPIB QJIbTEPHATUBHUM METOJIOM, 110 BHKOPHUCTOBYE OPTOrOHAJIbHE
PO3KJIalaHHs UIUIbHOCTI PO3MOALTY TOXHOOK.

AHaJii3 ocTaHHIX Aoc/iIxKeHb i my0Jikanii, B AKX 3a1104aTKOBAHO PO3B'A3aHHA JaHOI
npod;emMH i BUIiJIeHHS1 HeBUPillIeHUX paHillle YACTHH 3arajbHoi NpodjemMu

VY Garathox poOOTax BITYM3HSAHUX 1 3apyODKHUX BUEHUX BHMCBITJIEHI NUTAHHS I1JBULICHHS
TOYHOCTI BU3HAYEHHs Miclsg cyaHa. B poborax [1, 2] npencraBineHuii aHaM3 CTATUCTHYHUX JaHUX
MOXMOOK HaBiraliiHUX BUMIPIOBaHb, OTPUMAHUX B HAaTYPHUX CIIOCTEPEKECHHSIX, KUM MOKa3ye, 110
PO3M0/11J1 MOXUOOK HaBIral[lfHUX BUMIPIOBAaHb BIJIPI3HAETHCS Bl HOPMAJILHOIO 3aKOHY.

AHami3 CTaTUCTUYHUX MaTrepialgiB TOYHOCTI BHU3HAYEHHS MICHsl CyJHA 3a JIOMOMOTOI0
IpuiiMayda CynmyTHUKOBOI pa/iloHaBIraliiiHoO1 CuCTEMH POBEAEHHUM B po0oTi [3], 3 IKOr0 BUILIUBAE,
110 TiMOTe3a MPO PO3MOJLT BUIIAJKOBUX MOXMOOK BHU3HAUEHHS IIMPOTU Ta JOBrOTU 32 3aKOHOM
["aycca He € KOPEKTHOIO 1 BUKJIMKA€ HEOOX1IHICTh BUKOPUCTAHHS 1HIIKX 3aKOHIB PO3MOALTY.

B po0ori [4] HaBeneH1 pe3ybTaTH NEPEBIPKU CTATUYHUX T1I10TE3 3aKOHIB PO3MOJILITY MOXUOOK
HaBIraliiHUX BHUMIpPIOBaHb, 3 SKHUX BUIUIMBA€, [0 IMOXUOKM BHUMIPIOBaHb pPaIi0JOKAI[IHHUX
B1JICTAHEH 1 MEJIEHT1B B OCHOBHOMY MiJIKOPSIFOTHCS 3MIIIAHUM 3aKOHAM IEPIIOro i APyroro TUmy, a
JOCHIIKEHHS. MOXJIMBOCTI OIUCY CHUCTEM 3alIe)KHMX BHUIIQJKOBUX BEJIMYMH 3a JONOMOIOIO
y3araapHeHoro po3mnoaury Ilyaccona 3 6a30BUM HOPMAJIBHUM PO3IMOJIJIOM PO3MVISTHYTO B POOOTI
[5].

Sk 3a3HaueHo B poOOTI [6], SIKIIO 3aKOH PO3MOALTY MOXMOOK BiIPI3HAETHCSA BiJl 3aKOHY
l"aycca, TO 3acTOCyBaHHSI METO/y HalilMEHIIMX KBaJpaTiB JUIsl PO3paxyHKy 3Hau4€Hb 0OCEpBOBAaHOTO
KOOPJMHAT CyJHa HE JI03BOJIIE OTPUMATH iX €(EKTUBHI OIIIHKH, a B poOOTI [7] mpoBeaeHa OIliHKA
e(eKTUBHOCTI 00CEpBOBAHMX KOOPAMHAT Cy/IHA MPU HASBHOCTI HAJIWUIIKOBHUX JIHINA MOJOKEHHS 1
MIPEJICTAaBICHO, IO MpPH 3MIMIAHUX 3aKOHAaX PpO3MOJALTY €(EeKTHBHICTh MEHIIE OJMWHHUIN, 1 BOHA
IIparHe 3a BEJIMYHUHOIO 10 OJMHUII 31 3pOCTaHHAM ICTOTHOTO IMapaMeTpa.

B po0GoTi [8] 3ampomnoHoBaHi 3MilIaHl 3aKOHU JBOX THUIIB JJIA OMKCY BUIAIKOBUX MOXHMOOK
HaBITaIIMHUX BUMIPIOBaHb, a B po0OTI [9] 3 Tako X METOI PO3IISIHYTO Yy3arajJbHCHHM 3aKOH
Ilyaccona.

3 pO3rISHYTHX POOIT BPaXOBYETHCS, IO IS MTOMEPEIKEHHS BTPATH TOYHOCTI PO3paxOBaHUX
KOOpJMHAT MOTPIOHO 3aMiCTh METOAY HAaWMEHIIMX KBaJpaTiB PO3IJISHYTHU albTEpHATHUBHI METOJH,
110 1 € MPEAMETOM JOCTIPKEHHS TaHO1 CTaTTI.

dopmyJ/l0BaHHS Hijeil cTaTTi (MIOCTAHOBKA 3aBJaHHS)

MerToro cTaTTi € OIiHKa BTpaTH TOYHOCTI KOOPIMHAT CyAHA B 3aJIeXKHOCTI BiJ] crocoly ix
PO3paxyHKY MPH HAJUIMIIKOBUX BUMIPAX.
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Buxaan marepiany aoc/izkeHHsI 3 TOBHUM OOIPYHTYBAHHAM OTPHUMAHMX HAYKOBHUX
pe3yJabTaTiB

B po6orti [6] mpencTaBiieHo, 110 3aJ1€KHICTh TOYHOCTI 0OCEPBOBAHUX KOOPAMHAT BiJl METOTY
iX pO3paxyHKy BU3HAYA€THCS 3aKOHAMM IependadyBaHOIo 1 JIMCHOrO PO3MOALTYy HMOBIPHOCTEH
IOXMOOK BUMIpIOBaHb, SKi XapakTepu3yroThes Bimnosiano minsHoctamMu P(E) ta f(E). Ouinka

TOYHOCTI pO3pPaxoOBY€EThCS 3a JOIIOMOTOK0 HEBJIACHUX 1HTErpaliB:

7¢(§)

% d
p= [/ M) T,

[ 2¢(§)]¢(§) [ HEN
og 0g
q= ff(é){ ¢2(§)
[ f(é)]
le 1) g

Sxmo nependavyBaHuil 1 NIHCHUN 3aKOHU PO3MOJULY HMOBIPHOCTEHM MOXMOOK BUMIpIOBaHb
BIJIPI3HAIOTHCS, TO BiAOyBaeTbcs BTpaTa TOYHOCTI 0OCEpBOBaHMX KoopAauHAT [6], 4K

yds .

XapakTepucTHku A 101inbHO BUOPATH BUpAas:

Azps-qz. (1)

Sk mnpencraBieHo B pobOoTi [6], mpu po3paxyHKy OOCEpBOBAHUX KOOPAMHAT METOJIOM
MaKCHMaJIbHOI npasponoaionocti Brpara tounocti A =0, Tak sk nepenbavysanmii i midcHMN
3aKOHHU PO3MOJLTY HMOBIPHOCTEH MOXUOOK BUMIPIOBaHb 301ratoThCsl.

PosrnsiHemMo BTpaTy TOYHOCTI 0OCEpPBOBAHOTO KOOPJAWMHAT CyJIHA, SIKIIO AIMCHA MIIJIBHICTH
pO3n01Ty IMOBIpHOCTEH MOXHOOK JIIHIM MOJIOKEHHS € IIIIBHICTIO 3MIIIAHOTO PO3MOILTY JIPYroro
THUILY.

[Ipu po3paxyHKy KOOpIMHAT METOJOM HaWMEHIIMX KBaJpaTiB NepefdadyBaHa LIUIbHICTb
posnozity nmoxu6ok @(E) € HopMmanbHOW, a MificHA IIUIBHICTH BiJHOCHTHCS JIO 3MIlIAHOTO

PO3MOJILTY APYTOro TUILY, IKa Ma€ HACTYTHUM aHATITUYHUHN BUTIAL [S]:

D,

(9=

ne D - HopMyroumii MHOXKHHUK PO3IO/ILTY;
n

A - MmacmITabHMM MTapaMeTp PO3MOALTY;
m - ICTOTHUI TapaMeTp po3noJLTy, IKUH IpUMae TUIBKY IJIOUYHUCETbH] 3HAYEHHS.

HopmoBana 1ineHicTs €, (1)) Mae HaCTYIHUIT BUTIISL:
BZ

g(m)=
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(2m-+1)!

(21’11) 1/2 2 2m+1 (m') 2
[TepenbauyBana MITEHICTIO HOPMAJIBLHOTO PO3TOLITY:

5 2
207

e B, = - HOPMYIOYH I MHOXKHHK.

1
¢(S) = oo expi-——5-

B po6Gori [10] orpumani Bupa3u AJisi HEBJIACHUX IHTETPaJliB , P, U S, 1110 MAlOTh HACTYIHUM
BUTJISIL:

p= e
mo
S_(2rn+3) (m+1)

A (2m+5)

B npomy Bunaziky BTpara TOYHOCTI JJ11 HOPMOBAHOI TOXUOKU (62 =1):

_(m+1)2m+3) 1

G
m(2m +5)
TakuM YMHOM, 3HAYCHHS 3MEHIICHHS TOYHOCTI A OLIHKH 00CEpPBOBAHOrO KOOPJMHAT,

PO3paxoBaHUX METOJIOM HaMMEHIIUX KBaJpaTiB B pa3i, KOJW BUIMAJAKOBI MOXUOKH HaBIraliiHHUX
BUMIPIOBaHb PO3MOJUICHI IO JPYrOMY 3MIIIAHOTO 3aKOHY BIAPI3HSAIOTHCS BIJ HYJISI 1 B 3aJI€KHOCTI
B1JI1 ICTOTHOTO IIapaMeTpa M npuBeaeHi 10 Tadi. 1.

IIpu po3paxyHKy OOCEpBOBAHOIO KOOpIMHAT 3a JOINOMOIOI METOLY OPTOrOHAIBHOIO

PO3KIIaaHHs LIIBHOCTI MOXMOOK JIHIM IMOMOXKEHHS IS OLIHKH 3MEHIICHHS TouHocTi Ap
HEOOXIIHO PO3TIISIHYTH OPTOTOHANBHMH PO3MOALT WIbHOCTI Y(X) HOPMOBAHOI BHIAIKOBOI

BCJIIMYMHU 3 OJUHHUYHOIO I[I/ICHepCiCI-O, SAKE Mae HaCTynHI/Iﬁ BUIJIAL :

exp(—xz/z)[l+%(x4—6x2+3)] .

y(x)= 1
A/ 2T
il i fi (X) : exp(—x */2), toxi
JId 3pY4YHOCT1 BUBHAYHUMO N :T - , TOO1:
21
(Ly—3)

v (x) =y (X)[1 +T(x4—6x2+3)] .

3aJIeKHOCT] HEBJIACHHUX IHTETPANIiB P, q U S B WIIbHOCTEH &, (X) Ta Y(X) MaroTh HACTYNMHUI

BUI'JIA:
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Cxr M s 0x3 1]
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-3
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ByB mpoBeeHuiT po3paxyHOK 3MeHIIeHHs ToqHoCcTi Ag st minsHOCTI g, (X) [UIs 3HAYCHB

ICTOTHOTO MapameTpa N, BigmosigHo 3, 4, 5, 6, 8, 10. 3a Bupazamu (2) Ta (3) Oys0 MPOBEACHO
PO3paxyHOK HEBJACHMUX IHTErpajiB p Ta q MerogoM CIMIICOHA B MeXax IHTErpyBaHHS Bij -6 10 6.
[nTerpan s po3paxoByerhcs 3a hopmysioro (4). 3a qoromororo Bupasy (1) mpoBoaUTbCS PO3PaxXyHOK
3MEHIIEHHs TOYHOCTI Ay, a a BiAMOBIAHO OTpUMaHI 3HAYCHHS MPEACTABICHI y APYTOMY DSIAKY
Tabi1. 1, B IIepIIOMY PSIKY sKOi - 3Ha4eHHS Ag .

Ta6muus 1. Brpara Tounocti Ag Ta Ap 3MilllaHOTO 3aKOHY APYTOro THILY

n 3 4 5 6 8 10
Ag 0,09 0,057 0,04 0,029 0,018 0,012
Agr 0,004 0 0 0 0 0

Amnaiti3z Tabn. 1 mokasye, mo BTpara TOYHOCTI Ap KOOPAMHAT CyIHA, OTPUMAHUX METOIOM
> R

BHUKOPHCTAaHHS OPTOrOHAIBHOTO pO3MOJITYy MEHIIE HiK BTparta ToyHOcTi Ag KOOpAHHAT,

pO3paxoBaHUX METOJOM HANMEHIINX KBAPATIB.

BucHoBKH i nepcneKTHBA NOJAJIBIIOI POOOTH 110 JAHOMY HANIPSIMKY

TakuM 4yMHOM, B JaHIM CTaTTI pO3IJIAHYyTa OLHKAa BTpPAaTW TOYHOCTI KOOpPAMHAT CyJHA B
3aJIEKHOCTI BiJ] CIIOCO0Y 1X pO3paxyHKy MpU HAJIMIIKOBUX BuMipax. Hanmani moriasHO po3poOuTu
QITOPUTM PO3pPaxyHKY KOOPJMHAT CyJHA MPH HAUIUIIKOBUX BUMipax, 110 3a0e3rnedye MiHIMaIbHy
BTpaTy TOYHOCTI.
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