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AHHOTauMS. B cTaThe OMUCHIBAIOTCS PE3YJIbTAThl IPUMEHEHMSI METOIOB UHTEP-
BaJILHOT'O aHaJIM3a K HMPPOBOIi 00pabOTKe peaibHOM 3al1yMIeHHO nHMOp-
MallM MarHUTHOTO Kypca OT KOpadeabHOTO HU(POBOr0 MAarHUTHOTO KOMIIAaca.
DyHKIIMOHUPOBAHKE aJITOPUTMOB OLIEHMBAIOCh KaK MPHY MOCTOSIHHOM Kypce
KopabJis, TaK ¥ MPU BBIMOJIHEHUM UM pa3BopoTa. [TokazaHo, 4TO B yCIOBUSIX
HEONPEAEIEHHOCTU BEPOSITHOCTHBIX XapaKTEPUCTUK IIIYMOBOW KOMITOHEHTHI
B U3MEPEHUM CUTHAJa, UHTEPBAJIbHBINM MOAX0A 00€CIeYrMBaeT CYIIECTBEHHO
JIYYIIYI0 TOYHOCTh 00OPaOOTKM MO CPAaBHEHUIO CO CTAaHIAPTHBIM CTaTUCTHUYE-
CKMM MOAXOIOM.

Knto4vesble cnosa. LnudpoBoit kopabenabHbIli MATHUTHBINA KOMITAC, MAarHUT-
HBI KypcC, 3alllyMJIeHHas uH(popMalus, tnu@poBasg 00paboTKa, CTaHAAPTHbIN
CTaTUCTUYECKUI TTOAXOA, METOIBI MHTEPBAJIbHOIO aHAJIN3a, BBIXOIHAsI MUH(OP-
Malus, OEHKU TOYHOCTHU
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Abstract. The paper presents results of application of interval analysis methods
to digital processing of noised data from the ship digital magnetic compass.
Noises and chaotic corruptions of the data are stipulated by influence of the ship
electric mechanisms and power nets. The problem of processing the noised data is
formulated as follows: to filtrate off the noised components and to obtain enhanced
estimations of the current magnetic course and its accuracy. Data for processing
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is presented as a short sample of measurements of the magnetic course and any
probability characteristics of the summary noise components are unknown.
Actually, only reasonable interval constraints on maximal modulus (bounds)
onto these components can be shown. Under such uncertainty conditions, the
standard mathematical statistics methods can be applied only in a formal way.
As the alternative, methods of Interval Analysis can by used, since they do not
need information on the probability characteristics of the noising components. In
contrast to the statistical approaches, the interval procedures give the guaranteed
information set of the process admissible parameters and the guaranteed interval
of values of the current magnetic course. For the user the following information is
provided. The central point of such interval is given out as a pointwise estimate of
the current course, the half of the interval presents the accuracy of this estimate,
and the tube of admissible values of the process under observation is also calculated.
Investigations of the elaborated interval algorithms were performed both under
the constant course of the ship and under performing the turn maneuver. The real
primary data of the ship digital magnetic compass were used. For comparison,
estimations were calculated on the basis of formal application of the standard least
squares method. It was shown that under mentioned uncertainty conditions the
interval approach gives crucially better estimates.

Keywords. Ship magnetic compass, magnetic course, noised data, digital
procession, standard statistical approach, methods of interval analysis, output
information, accuracy estimate

1. BBepeHue

Hapsny ¢ mmmpoko Mcnoab3yeMbIMU CTaHIAPTHBIMU TUPOCKOITHBIMU
KOMITACHBIMM cUCTeMaMU [1] B mpaKTUKy KopabeJbHO HaBUTallMU BHE-
IPSIIOTCS IepCHeKTUBHBIE H(PPOBble MarHUTHbIE KoMnacHble (LIMK) cu-
creMbl. OJIHAKO MPH X pa3paboTKe U KCIUTyaTalluyi BCTaeT IpodyeMa 00-
paboTK1 MH(pOpMaLIMM MATHUTHOTO Kypca, COAEPKAIIEH IIIyMbl 1 HABOAKU
CO CTOPOHBI BJIEKTPUYECKUX CUCTEM Kopaduis [2].

B HacTos1ee BpeMs CyleCTBYET HECKOIbKO MaTEMAaTUYECKHUX MOIXO0-
JIOB K pellIeHIO 3a1a4 00paboTKu U (puabTpauuu. OgHaKo 60JbIIMHCTBO
W3 HUX OITMPAETCS HA UCITOJIb30BaHME MH(MOPMALIMU O BEPOSITHOCTHBIX Xa-
paKTEepUCTUKAX IIIYMOBBIX KOMIIOHEHT curHaia. Hanmpumep, Takue Kjac-
cuyeckue Metoabl, Kak KaamaHoBcKkasg (uibTpauus UM METOAbI MaTe-
MaTUYECKOM CTATUCTUKMU (BKJIIOUAsI CTAHAAPTHBIN pErpecCUOHHBIN METO
HaMMEHbIIUX KBaaApaToB) [3; 4], OpUeHTUPOBAHbI HA HOpMAaabHoe (TayCCOB-
CKO€) pacrpeneaeHue MIOTHOCTENM BEPOSTHOCTEN IIyMOBOI KOMITOHEH-
Thl. AJIbTEpHATUBOM SIBJISIETCS MOAXOA Ha OCHOBE MHTEPBAJILHOIO aHAJIM -
3a, KOTOPBII ObLI NIpeajioKeH B MMoHepckoil padotke JI.B. KantopoBuua
[5]. B HacTos111ee BpeMs YCIIELIHO Pa3BUBAIOTCS KaK TEOpPETUUECKME, TaK
Y NPUKIAAHbIC — BbIYMCIUTEIbHbBIC aCIIEKThl JAHHOTO HaIlpaBJICHUS 00-
pabOTKU 3a1ryMIeHHOM nH(popMauy [6—S8]. 31ech UCITOB3YeTCs MO0AbKO
rHdOpMaLs 0 MAKCUMAJIbHOM BeJIMUMHE (MAKCUMaJIbHOM OTPAaHUYECHUN
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10 MOJIYJIIO) TTOTPEITHOCTU u3MepeHus. [Ipu 3ToM B paccMaTpuBaeMoii 3a-
Jaye KaxKaoMy 3allyMJI€HHOMY U3MEPEHUI0 MAarHUTHOTO Kypca CTaBUTCS
B COOTBETCTBME MHTEPBAJ HEOIIPEIEIEHHOCTHU €r0 BO3MOXKHBIX 3HAUEHUIA;
(bu3nyecKkuii cMbIC MHTEpPBajia HEOIpPEIeIEHHOCTU — 3TO 00JIaCTh BO3-
MOXHbBIX 3HAaYeHMUIA CUTHaJIa, coAepKalllasi HEU3BECTHYIO UCTUHHYIO U3-
MepsieMylo BeinurHy. [1o Habopy u3MepeHuii MarHUTHOIo Kypca (T.e. o
HabOpy MHTEPBAJIOB UX HEOIPEIEJIEHHOCTU) B COOTBETCTBUU C MIPUHSITHIM
OIMMCAaHUEM MOJIEJIM U3MEPSIEMOTO TpoLiecca, CTPOUTCS UHPOPMAYUOHHOE
MHOJICeCmeo TONMYCTUMbIX 3HAUYEHUI ee MapaMeTPOB U YTOUHSIETCS mpyo-
Ka JOIYCTUMBbIX TPAaeKTOPU (3aBUCUMOCTEN) Tpoliecca. MeTonbl UHTep-
BaJIbHOT'O aHa/IM3a YCIEIIHO MPUMEHSUIMCh TIPU PellieHUH MOJ00HBIX 3a-
Jlad 00pabOTKHU 3allIlyMJIECHHOM 3KCIIepMMeHTalIbHOM nHpopMaLuu [9—12].

JI1s1 TOJTHOTHI MCClIeIOBaHUS, B HACTOSIIIE paboTe pacyeThbl BHIMOJI-
HSUIMCh Ha peajbHOM 3allyMJIeHHOI MH(pOpMaLK, KaK IMPU IMTOCTOSIHHOM
MarHMTHOM Kypce KopaOJisi, TaK U MPHY BbIMOJHEHUU CYIHOM pa3BOpOTa.
ITokazaHo, 4TO B YCJOBUSIX HEONPEIEIEHHOCTH BEPOSITHOCTHBIX XapakK-
TEPUCTUK LIIYMOBOUW KOMITOHEHTHI B U3BMEPEHUN CUTHAJIa UHTEPBaIbHBIN
MOAX0J 00ecIeyrnBaeT CyIIeCTBEHHO JIYUYIIYl0 TOYHOCTh BBIXOJHOI OT-
(punbTpoBaHHOI MHGOpMauMU. [J1s1 cpaBHEHUS TIPOU3BEACHBI pacyeThl
CTaHAAPTHBIM METOJIOM HaMEHBIIMX KBaApaToB [4].

Crartbs opraHu3oBaHa cjenyomuM odopazoM. B Paznene 2 paccmarpu-
BalOTCsI 0COOEHHOCTU MepBUYHOMN MHPOpMaLUK HU(PPOBOro MarHUTHOIO
Kommaca, 1 opMyaupyeTcs 3agada uccienoBanusd. B Pasznene 3 onuchi-
BalOTCSI OCHOBHbIE MaTeMaTHUUYECKKE COOTHOLLIEHUSI 00pabOTKM Ha OCHO-
Be Kak ctangaptHoro MHK, Tak 1 Ha ocHOBe npolenyp MHTEPBaJIbHOTO
aHanu3a. Pe3yibTaThl 00padOTKU peajbHOM 3alllyMJIeHHOM MHMOpMaLIMKU
npuBeaeHbl B Pa3znene 4.

[aeTtcs 3akiaouyeHue o padboTe U MPUBOJUTCS CITMCOK LIMTUPOBAHHBIX
WCTOYHUKOB.

2. OcobeHHOCTN uHpOopPpMaL MM MarHUTHOr O Kypca.
NMocTaHoOBKa 3apauun uccnenoBaHusd

ITo pesynrratam pab6orsl IIMK Ha 3amanHom uHTepBane [0, T
HaOJII0eHUSI, B MOMEHTHI f, U3BMEPEHUI TToJIydyeHa BbIOOpKa /N 3HaUeHMI
\/, MATHUTHOTO KypCOBOTIO yIJia

{t, Wb, 1, €[0, T, n =1, N. (1)

I1pu addumuenoii mogenu 3aliyMIeHUs, KaxKa0€ MOJIy4YeHHOE U3Mepe-
HUE Y, UMEET CJIENYIOLIYIO CTPYKTYPY:

v, =¥, te,n=1,N,|e|<en (2)

rae ¥, — Hen3BeCcTHaAsI u3dMepsieMasi ICTUHHAs BEJIMYMHA MarHUTHOTO

Kypca; e, — MOTrPelIHOCTh #-TO U3MEPEHUS, OrpaHUYEHHAs 10 MOIYJIIO
BEJIMYUHOM €.
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BeposgTHOCTHBIE XapaKTEPUCTUKY ITOTPEITHOCTA U3MEPEHMSI Heu3eecm -
Hbl, 2 TIOTPELIHOCTU B COCEIHUX U3MEPEHUSIX He3d8UCUMbI MEXKITY CODOIA.

J171 KaX10ro U3MEpeHMs 10 MOJENU (2) pPaCCUNTHIBAOTCS HYKHSS
_\J, M BEpXHsisl "y, TpaHULIbl MHTEepBaJla HeompeaeaeHHocTu H,

H,=[_y., "W, n=1, N0 _W, =Y, — €ma, "W = Yy T €inax. (3)
HanomHuM, ut0 (pu3myecKuii CMbICI MHTEpBaia HeONpeaeIeHHOCTU
(3) — 5mo obaacme 603MONCHBIX 3HAYEHUI CUSHAAA, COOEPICAULAS HEUZBECH -
HYH UCMUHHYIO UBMEPAEMYI0 eAUHUHY .
B cayyae nocmosinnoco maenummoeo kypca cynHa, pyHKIIMs, ONMChIBA-
IOIIAS IIPOLECC UBMEHEHMS U3MEPSIEMOM MAarHUTHOM KOMITOHEHTBI OT Bpe-
MEHM f, IBJISICTCSI KOHCTAHTOM Ha BCEM MHTEPBaJie HaOII0ICHUS

Y, (7) = Const, te [0, T, 4)

a B cllydae pazeopoma cyoHa ¢ NOCMOSIHHOU y2A0801 CKOPOCMbI0, U3MEHEHUE
€ro KypcoBOTO yIJia ONUChIBAaeTCs JTMHENHOU dhyHKuue W,(7)

Y,(H) =Y, +wt,te [0, T], (&)

rae 7'— MOMeHT oKoHYaHus1 HabmoneHus (1); W, — HayanbHOE 3HaYeHUE
OIMUCBIBAIOIIHA (DYHKIIMKX HAa MOMEHT ¢ = (; 0 — yrJIoBasi CKOPOCTbh U3Me-
HEHUS MAarHUTHOTO yTJja, MoJaraeTcsl MOCTOSIHHOW Ha pacCMaTpUBaeMOM
WHTepBajie BpeMEHU HaOIIoAeHUS. 31eCh BeTUYMHBI W, 1  SIBJISIOTCS Ta-
paMeTpaMu, MONJIEXKIIMMU OTpeleeHUIO (OLEHMBAHUIO).

DopMyIMpPOBKa 3aa4M: 015 3a0aHHOU 6bl00pKU 3amepos (1), npu modenu
sauwymaenus (2) u coomeemcemayroueit onucwvlearoujeil hyukuyuu (4) uau (5)
mpebyemcsi Halimu MeKyuyro 8eAuMUHy Kypca U OUeHKY ee MOYHOCHU.

3. OCHOBHble MaTeMaTU4Yeckue COOTHOLUEHUs
undppoBoit 06paboTkn nHpopmaunmn

O6paboTka cTaHAapTHbIM METO40M HauMEHbLLUNX KBaApPaToB

ITockonbKy BEpOSTHOCTHBIE XapaKTEPUCTUKU MOTPELIHOCTU U3Mepe-
HUI HEM3BECTHBI, CTAHIAPTHBIE CTATUCTUYECKME METOIBI (Harmpumep, [4])
MOXHO MPUMEHSThH TOJILKO (hOPMaJIbHO.

JIns corydasi mOCTOSIHCTBA MAarHUTHOTO YIJIa IPY OMMChIBatoIIeii (PyHK-
1y (4) UCMOJIB3YIOTCS MPOCThIE CTaHIAPTHBIE COOTHOIIEHUS. BhixogHast
OllIeHKa Ha MOMEHT 7 OKOHYaHMSI HAOIIOJeHUS PAaCCUUTHIBAETCS KaK Ma-
TeMaTU4YeCKOe OXMIaHNe BHIOOPKU

V= (Z,=1,nVa) / N. (6)
O1ueHKa cpelHeKBaIpaTUYeCKOro 3HaUYeHUsI G, paccesiHusl BbIXOIHOM
BEJIMUMHBI HAXOOUTCA KaK

o,=Sqrt(Z, - v (Va— 1) 2/ (N = 1)). 7
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JIns crydasi mepeMeHHOro MarHUTHOTO yTIJjla C OMUChIBatoIIel (PyHKIIM -
eii (5), ctaHmapTHBIM METOAOM HauMMEHBIIIMX KBaIpaToB [4] paccunThiBa-
I0TCS 3HaueHus ee rmapameTpoB u CKO

\VH, MHK O‘)MHKS GMHK) (8)

U OIIPENEISIOTCS BO3MOXHbIE 0€3yCIOBHbIE MHTEPBAJIbl HAYaJIbHOT'O 3HA-
YEHMS U YIJIOBOU CKOPOCTU

[_‘IIH, MHK > +‘IIH, MHK] 9 [_(’)MHKJ +0)MHK] . (9)

BrixonHast onigeHKa Kypca Ha MOMEHT 7 OKOHYaHMSI MHTepBajia HaOJIi0-
JIEHUS BbIYMCIsIETCS 1Mo PYHKIMU (5)

\VT, MHK \VH, MHK + (OMHKT- (10)

O6paboTka Ha OCHOBe MHTepPBasbHOIo roaxoaa

B caryyae mocTosiHCTBA MAarHUTHOTO YIJIa TIPU OMMCHIBAIOLIEH (PYHKIIUKA
(4) BBITTOJHSAIOTCS CJIEAYIOLINE BBIYMCICHMSI.

Ha MomMeHT T oKOHYaHMST HAOMIONEHWSI PACCUMTBIBACTCST UHGPOPMAUUOH-
Hotti unmepean I (\y) donycmumbix 3HAYEHUI MATHUTHOTO YIJIA, COGMECHHbIX
¢ 3anaHHoM BbIOOpKoO¥ (1) u pyHkimeri (4). HuxHsAsT _y 1 BepxHss "y rpa-
HUIIBI 9TOT0 MHTEPBaJIa PaCCUUTHIBAIOTCS MO (popMyJiam

I(y) = [_w, "yl _y=max,- v {_w.}, "'w=min,-, y{"y}. (11)

BcnenctBue oTcyTcTBUSI MHGOPMAIIUM O BEPOSITHOCTHBIX XapaKTepu-

CTMKAaX MOrPELIHOCTEN U3MEPEHUIA, BBIXOIHAA OLEHKA Y, MATHUTHOTO YIJIa
HaxoAUTCs Kak cepenrHa uHTepnaja (11)

v, =0.5Cy + _y), (12)
a CKoMas OlleHKa €e TOUHOCTH OIpeaeisieTCs KakK Mmojypa3Max MHTep-
Baja (12)

dy=0.5Cy—_w). (13)

B ciayyae mepeMeHHOr0 MarHMUTHOTIO yIJja ¢ OMMChIBaOLIEH (pyHKUIMEH
(5) ucnoab3yeTcs cieayoollas TEXHOJIOI M, CO3AaHHas aJ1s1 00pabOTKM 3a-
LIIYMJICHHBIX 3KCIEPUMEHTAbHbIX JaHHbIX [9—12]. PaccMoTpuM OCHOB-
HbIE pacCYETHbIE MPOLIEAYPHI.

Jns xaxnoit napel untepBanos Hu H,, i =1, N—1,j=i+1, N, He-
ornpeaeseHHOCTH (3) 3aMepoB BbIOOPKHM (1) paccunThIBAETCS ABYMEPHOE
napyuanvHoe ungopmauuonroe moxcecmeo G; (v, ®) [9—12] HavanbHOTO
yIJIa ¥ YTJIOBOM CKOPOCTU, COBMECMHbIX C TAHHOM ITapoii MHTEPBAJIOB He-
OIPEIECICHHOCTH.

G,‘}j(\VH,(D),i=I,N_l,j=i+1,N. (14)

Hanee onpenensercs ungopmayuonnoe mroxcecmeo I(y,, ) 3Hayve-
HUW TTapaMeTPOB Y, ®, COBMECTHBIX CO gceli 8blO0PKOLL 3aMepos

I(y,, ®) = ﬂ i=1,N—1,j=i+1,N i,j(\lfm ®). (15)

1
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JlaHHOE MHOKECTBO XapaKTepu3yeTcs 0e3yCcTIOBHBIMIA MUTHUMAJIbHBIMU
BHEIIHUMU OLIeCHKaMU—UWHTepBaJaMU IapaMeTpoB (MUHUMAaJIbHAsI BHEIII -
Hs1s box-oneHka) [y, "y, 1 [_o,"®]. JlaHHbIle MHTepBaIbl pacCCUMTHIBA-
I0TCSI CJICAYIOIIUM 00pa3oM

LW, "Wl i = Arg{min y, € I(y,, )}, "y, = Arg{max y, € Iy, o)}, (16)

Lo, 0]: _o =Arg{minwe I(y,, ®)}, "o = Arg{max o€ I(y,, ®)}. (17)

I[TockonbKy BEepOSITHOCTHBIE XapaKTePUCTUKHU MOTPEITHOCTEN M3-
MepeHUsI HeU3BECTHBI, TO s AaJdbHEHMIIEero pacuera “cpegHei” ar-
MMPOKCUMUPYIOIIEH 3aBUCUMOCTU MCITOJB3YIOTCS CPEAHNE TOUYKU DTUX
WHTEPBAJIOB

Vi op= 0.5y, + _y)no,=0.5Cot+ _o), (18)
caMa cpelHssI 3aBUCUMOCTD PACCUMTHIBAETCS KaK

Voo(H) =W, op T 0 1, € [0, T1. (19)

B otnnuue ot ctangaptHoro noaxoaa ¢ MHK, nHTepBanbHbIMA MOAXO
MO3BOJISIET CTPOUTH YTOUHEHHYIO MpyOKy eapanmupo8aHHbiX — 00ONYCIUMBLX
3asucumocmeit [9—12]. JlanHas Tpyoka Th(f) onpenesieTcsi CBOUMM HUXK-
Heii _Th(¢,) u BepxHeii * Th(t,) rpaHULIaMU, PaCCUMThIBAEMbIMU MO UH(POP-
MallMOHHOMY MHOXecTBY (15) cieayomum oopa3om:

Tb(r) = {_Tb(z,), *Tb(1,)}, 1, € [0, T], n =1, N, (20)

_Tb(t,) = min u T L}, (21)

(e ) € Ty W

*Tb(1,) = max {yu T 01,}, (22)

BoixoaHble BeJIMUYMHBI pACCUUTHIBAIOTCS CaeayolmM odbpa3oM. Ha ko-
HEYHbIIA MOMEHT 7'BpeMeHU HAOII0AeHUS 110 MH(OPMALIMOHHOMY MHOXEe-
ctBY (15) BeIUMCIAETCA MHTEPBA [, "W | IOMYCTUMBIX 3HAYEHUI Mar-
HUTHOTO yTJla ¢ HUXKHEU 1 BepxHell rpaHuLIaMu1

{vitoT}, (23)

(W, ©) € I(yy, )

V= mm(ww o) € Iy, )

+

y,mmax, ooty o) (24)

B paccmaTpuBaeMoM cilydyae OTCyTCTBUSI MH(POPMALIMM O BEPOSITHOCT-
HBIX XapaKTepUCTUKAX ITOTPELIHOCTEN N3MEPEHMIA, BBIXOJHAS OLEHKA .,
MarHUTHOTO YIJIa HAaXOAUTCS KaK cepeanHa nHTepBaa (16)

v, =05y, +_vy), (25)

a UCKoMasl OlLIEHKA €€ TOYHOCTHU OIIpeAesieTCs KaK IMoJiypa3max 3TOro
WHTEpBaja

dy,= 0.5 Cy, + _wy.). (26)
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4. Pe3ynbtatbl 00paboTKN
peanbHOM 3aWlyMJIEHHOW UHPOpMaLUn

Ciyuaii moCTOSHHOTO MarHuTHOro yria. Ha Bcem BpeMeHu HaOJI01eHUS
CYIHO HEMOABMXKHO CTOMUT y MHUpPCaA C TMTOCTOSTHHBIM MarHUTHBIM KYpPCOM.
®daiin peanbHOI BHIOOPKM (MOMEHTBI 3aMEPOB 7, M 3alllyMJICHHBIE U3Mepe-
HUS Y, MATHUTHOTO YIJIa) U PE3yJIbTaTbl 00paOOTKM NPUBEAEHBI HA puC. 1.
JnuHa BeiOopku N = 23 3amepa, JaHHbBIE MOCTYIAIU ¢ TakToMm df 1 wuiu
2 cek, nojiHoe BpeMs HabmoaeHus 1 = 34 cex. OrpannyeHue (2) Ha Mak-
CUMaJIbHOE 3HauYeHUe MOTPEIIHOCTU U3MEPEHUS 3a4aBaloCh €y, = 1.59
rpagyca. 3Aech 3aMepbl MATHUTHOTO yIJla HAHECEHBI KpecTuKamMu. UHTep-
BaJibl HeolpeneaeHHocTu H,3aMepoB OTMEUYEHbI BEPTUKAILHBIMU OTPE3-
kamu. HItpuxosbie tuHUM — MHK-n11Husg 1 BepxHss +20,,, 1 HUXKHSS
—20,« TpaHuLbl gonyctuMoii (mo MHK) obiactu 3HaueHmii mpouecca.
ZKupHBIil BepTUKaJIbHbINA OTPE30K B MOCACAHUIA MOMEHT HAOIIOIEHUS —
unTepBanbHast (11) orienka I, (y) TOMyCTUMBIX 3HAYEHUI YIJIa C BEPXHEHA
"W 1 HKHEW  rpaHuLaMu (IITPUX—IYHKTUPHBIEC JIMHUN).

Ay, Py, = 228.2 grad > Oune= 1.1 grad Butopra 3
. W= 2284 8¢, §=208.6 e = 1.59 I
Y, = 228.5 I‘E;lélyc WHdpopMalmoHHbIN HHTEpBa /
P g 6. Information interval
230 ¥ ¥ X I(v.0= NH,
3amepsl / Measurements const v "
TpyOka 10y CTUMBIX \
i/
229 X 3{1&3&152?4 gggﬁiiblc dependencies —
|\lf
A4
228 /J"II/IIII/IH X Vi
MHK'line
207 XX X XX XX X ¥¥
2261 — - —_ _ R e O L I N
720?\[][]( t’ ggé(
0 4 8 12 16 20 24 28 32 -

Puc. 1. [Tpumep o6padboTku nanHbix LIMK; cynHo ctout y nupca
C TTIOCTOSIHHBIM KYpPCOM

Fig. 1. Example of processing the data from the digital magnetic compass;
the ship stands at the pier

I1pu crenpoBbix ucnibiTaHuSIX LIMK nmorpemrHocTs uaMepeHus yria Ha-
xonujiach Ha ypoBHe ~0.4—0.5 rpanyca. I1pu peanbHOI 3KCIUIyaTallMu Ha
CyIHE M3-3a 3JIEKTPUYECKUX U MAarHUTHBIX HABOJOK, MaKCUMaJIbHasI T10-
rpelHocTh u3MepeHus (puc. 1) Bo3pacraet no ~1.49 rpanyca. [nst uH-
TepBaJIbHOM 00pabOTKK OorpaHuYeHue (2) Ha MaKCMMaJbHOE 3HAaY€HUE
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MOTPEITHOCTH 3a0aBajoch e,,, = 1.59 rpanyca, T.e. ¢ 10% 3anacom. B Ko-
HEYHBIT MOMEHT BpeMEHU HaOIIOJEHNST OLIeHUBaeMble ITapaMeTPhl IPH-
HYMAIOT CJIEAYIONINE YNCISHHBIC 3HAUYCHMUS

— mna MHK BeixonHas BenuuuHa (6) v, = 228.2 rpanyca, CKO (7)
o,= 1.1 rpanyca;

— JUISI UHTEPBAJIbHOTO OLICHUBAHUSI BepXHsisl rpaHulia "y = 228.6 rpa-
Jyca, HUXKHSS TpaHula = 228.4 rpaayca, CpeaHsisl BbIXOAHAS BEJTUYM -
Ha (12) y,= 228.5 rpanyca, nonypasmax (13) ee mHTepBaia (TOYHOCTD)
dy = 0.1 rpanyca.

CpaBHeHue MHGpopMalMoHHOro otpe3ka (12) u uHtepBana [—2c, +20]
no MHK noarBepXnaeT, 4To y4eT JOMOJHUTEIbHOU MH(MOPMALIUU O MaK-
CUMaJIbHOM OTrPaHUYEHUH €,,,, Ha TIOTPELIHOCTh U3MEPEHUI B UHTEPBaJIb-
HOM I10JXO0/I€ TTO3BOJISIET MOJIyYUTh 00J1€€ TOUHYIO FapaHTUPOBAHHYIO OLIEH-
KY BBIXOJTHOT'O 3HAY€HUSI MATHUTHOT'O YIJIa U €ro TOYHOCTU. OTMETUM, UTO
ouenka v, 110 MHK, ctporo roBopsi, HeIOIyCTUMa B MHTEPBAIbHOM CMbI-
clle, TaK Kak JIEXUT BHe (puc. 1) nHdopmaumonHoro unrepsaia I (y).

Cayyaii nepeMeHHOT0 MarHuTHoro yrja. Ha nHTepBajie BpeMeHU Ha-
OJITOIeHUST CYIHO BBIMOJIHSIET Pa3BOPOT C HEKOTOPOU MOCTOSIHHOM YIJIO-
BOIi cKopocThlo. Paiin pealibHOM BHIOOPKU (MOMEHTBI 3aMEpOB 7, U 3a-
LIyMJIEHHbIE U3MEPEHUS \y, MATHUTHOTO yTIja, KPeCTUKaMu) MpUBeIeH
Ha puc. 2. nuHa Beioopku 3amepoB N = 30, mocTyruieH1Me 3aMepOB UIET
c taktamu df 1 u 2 cek, nmojiHoe Bpems HaomonaeHus1 7= 43 cex. OrpaHu-
yeHue (2) Ha MaKCHMMaJlbHOE 3HaYeHKEe MOrPellIHOCTU U3MEPEHUSI 3a1aBa-
JIOCh €. = 0.79 Tpagycos.

Ay rpanyc
> grad BuiG
bIOOpKa _
6 Sample N=30
emax = 0.79 ghad®
5
/ 3amepsl / Measurements

4 / H,
3
2
1

. See
0 >

0 4 8 12 16 20 24 28 32 36 40 44

Puc. 2. [Tpumep o6padboTku naHHbix LIMK; cynHo pazBopauuBaeTcs
C TTOCTOSIHHOM CKOPOCTBIO

Fig. 2. Example of processing the data from the digital magnetic compass;
the ship performs the turn with a constant angular velocity
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Pe3ynbTaThl nocTpoeHust iCKoMoro MHoxecTBa I(y,,, ) 3HaueHu mapa-
METPOB ,,, ® MpeACTaBIeHbl Ha pUC. 3. MHOXEeCTBO MMeeT BUIl HePaBUIb-
HOTO MHOTOYTO/IbHUKA. Ero MuHMMasbHas BHeNIHsIS box-oneHka (16), (17)
OTMeYeHa MyHKTUPHBIMU CHOcKaMU. [10CKOIbKY BepOSITHOCTHBIE XapakK-
TEPUCTUKU MOTPEIIHOCTEN U3MEPEHNI HEU3BECTHBI, TO JIS NaJIbHEUIITNIX
pacyeToB ucnosib3dyercs cpenHss (18) Touka (yy, p, ®cp) ITOTO MHOXKECTBA.

oo T L N30
6.29 1 A Vo g Emax = 0.79 ghad™
5.55¢% Nndopmannonnsiit narepsan / Information interval
I(emaxa \Il()a (D) i%Gi,j(emaxa \VU’ (D)
j=i+1,N
b) :
A N L Ll N ;
AWAR B O ® (WO, wite> O : :
(Yo s @) 0128 0117 0110
" rpamyc/cex
> grad/sec
471 . Tpanyc/cex
: . " grad/sec
=0.790 —0.117 0.790

Puc. 3. JIBrxeHue cyiHa ¢ pa3BOPOTOM; OlleHKa MH(pOPMaIlMOHHOTO MHOXECTBa
napaMeTpoB: a) rpy0asi oLieHKa 10 ABYM IIepBLIM 3aMepaM; b) cpaBHUTEIbHbBII
pa3mMep MHOXeCTBa B MEJIKOM MaciuTabe; ¢) MH(pOpMalITMOHHOE MHOXECTBO
(yBenmmueHo); KpecTuK — Touka mo MHK

Fig. 3. The ship performs the turn; estimation of the information set
of parameters: a) the rough initial estimate on the basis of the first and second
measurements; b) comparative size of the information set (small scale);
¢) the information set (zoomed scale); the cross is the least squares mean point

Tpyoka (20)—(22) nonycTUMbIX 3aBUCUMOCTEI MmokKa3aHa Ha puc. 4
(3aTeHeHa). 3aech KpeCTUKM — 3aMepbl MAarHUTHOTO yria. MHTepBaibl
HEOIIPeaeJIEHHOCTU 3aMEPOB OTMEUYEHBI BEPTUKAJIbHBIMU OTPE3KaAMMU.
[TpuxoBbie tuHUN: MHK-1uHUS 1 BepXHSS +20,,,x U HUKHSISI —20,¢
rpaHunbl fonyctumoit (mo MHK) o6iactu 3HaueHuit nipouecca. Huxk-
Hss _Th(t,) n BepxHsst *Th(f) rpanuubl Tpyoku Th(f) 1OMYyCTUMBIX 3Ha-
YeHUM mpolecca Mo MHTEPBaJbHOMY OLIEHMBAHUIO OTMEYEHBI KU PHBI-
MU CIUIOIIHBIMU JUHUSIMU. BelbIMM Kpy>KKaMyd OTMEUEHbI TpaHUYHbIE
TOUKM T€X MHTEPBAJOB HEOIPEAEeIEHHOCTU, KOTOPbhIe (POPMUPYIOT I'pa-
HULIBI TpYyOKU. OTMETUM, UTO, CTPOTO TOBOPSI, TOYEYHASI OLIEHKA Wy yiiks
W« HEIOIIYCTUMAa B MUHTEPBAJIbHOM CMbICJI€ TaK KaK OHa JIEKUT BHE WH-
¢dopmalimoHHOro MHoxecTBa (puc. 3) u cooercTByomasgs MHK-nuHus
YaCTUYHO BBIXOJMT 3a TPYOKY JOMYCTUMBIX 3aBUcUMOcCTel (puc. 4). On-
HaKoO JaHHasl OLleHKa SIBJISIeTCSI KaYeCTBEHHO MOJIe3HOIM.
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Puc. 4. JIBrxeHue cyiHa ¢ pa3BOPOTOM; TpyOKa JOMYCTUMBIX 3aBUCUMOCTE I
(cepas 3anuBKa); oueHka o MHK 1 =20 rpaHULIbI 3TOI OLIEHKU
(IUTpUXOBBIEC TUHUU)

Fig. 4. The ship performs the turn; the tube of admissible dependences
(colored in grey) by the interval approach; the estimate by the least squares
method and its =20-boundaries (in dashes)

PesynbraTtsel 06paboTKM JaHHOTO (paiijia Mpu JMHEWHOM U3MEHEHUU
yIjia IpMHUMAIOT CIeAYIONIe YMCIeHHbIC 3HAYCHMUSI:

— oueHkM (8) mo MHK cocTaBiasinu Yo v = 5.23 Tpagyca, O, =
= —0.117 rpanycoB/cek, CKO o, = 0.399 rpanycoB; untepBai (9) Haya/lb-
HOTI'O 3HAYEHMUS (C yUETOM BEJUYMH 2S,) Wy v = 4.32 Tpamyca, "Wy, v =
= 6.03 rpamyca, uHTepBa (9) 3HaYeHUS CKOPOCTH (C yU4eTOM JUTMHBI MTHTEpBa-
naHaomonenust 7) _,,,= —0.157 rpagyca/cek, +®,,, = —0.077 rpamyca/cex;

— JUTSI UTHTE€PBAJILHOTO OLIEHMBaHM s 0€3yCIOBHBIIT MUHMMAJIBHBII BHEIII-
Huii (16) mHTEepBan w, = 5.26 rpanyca, "y, = 5.55 rpagyca, unrepnai (17)
ckopoctu _® = —0.128 rpagyca/cek, +® = —0.110 rpagyca/ceK; BbIXO/-
Hag cpenHss Touka (18) nHpopmalmoHHOro MHOXeCTBa y, o, = 5.40 rpa-
nyca u o, = —0.119 rpagyca/cex.

M3 cpaBHEHUS 3TUX JaHHBIX U pUC. 4 clienyeT, YTO MHTEPBaJbHbII
Moaxo, Oyaromapst yueTy orpaHU4YeHUs e,,,, Ha TIOTPEIIHOCTh U3Mepe-
HU yIJIa, T1aeT Topa3ao 0oJiee TOUHBIE TapaHTUPOBAHHBIC OLIEHKM Mapa-
METPOB IIpolecca U3MEHEHHUST Kypca M 00jiee TOUHYIO TPYOKY JTOITYyCTH-
MBIX 3aBUCUMOCTEMN.



2018, Vol. 2, No. 4, pp. 7-19

5. SaknwuyeHue

Ha ocHoBe cTaHmapTHOrO CTAaTUCTUYECKOTO TTOAX01a U MHTEPBAJIbHOTO
noaxoaa pazpadboTaHbl AJITOPUTMbI HU(PPOBOM 00pabOTKM 3alIyMIEHHOK
“H(pOpPMALIUM KYPCOBOIO yIjla CyaHa ¢ HU(POBOro MarHUTHOIO KOMIIaca.

B ycnoBusix HeomnpeaeaeHHOCTA BEPOSITHOCTHBIX XapaKTEPUCTUK MO-
rpeurHocTeit uamepenus yria B LIMK, nHTepBanbHbIl 11oaXoa gaet 6oJjee
TOYHBIC TApAaHTUPOBAHHBIE OLIEHKM ITApaMETPOB ITpoliecca U3MEHEHUS Kyp-
ca 1 6oJiee TOYHYIO TPYOKY JOIMYCTUMBIX 3aBUCUMOCTEA.

HccnenoBaHue 1mokasano, UTO B YKa3aHHBIX YCJIOBUSIX CTaHIAPTHBIN
W MHTEPBaJbHbINA MOAXOAbI IOIOJHSIOT APYT Apyra U MO3BOJSIOT Oojee
LLIMPOKO MPOBOAUTH KAUECTBEHHBIN 1 KOJJMYECTBEHHbIN aHAIN3 JTaHHBIX.
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