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TMpogumnakTvka 60NbLUNMHCTBA aBaPUIHbIX
cuTyauuii B HaBUrayuu ocCHOBaHa Ha co6iiogeHun
onpeaenéHHON ANCTaHLUNN MeXay cyaamu,
KOTOpasi No3BoJiIseT CBOEeBPEMEHHO
npeanpuHUMaTb npeaynpeanTesbHbie Mepbl,
4TO00ObI N30EeXXaTh KOHTakTa. Co3aaBaemMoe Takum
06pa30M yCJ/IOBHOE MPOCTPAHCTBO CTPaXOBOYHbIX
AVcTaHuni ¢popMmupyeTt 30HY HaBUrauMOHHOW
6e3onacHocTu. B ctatee gaHbl yHUBepcasibHoe
KOHUenTyasibHoe ornpeaesieHne Takovi 30Hbl,
00006LLEHHas CTPYKTYpHas Knaccupukauns
¢akTopoB, BusoLWMNX Ha €€ pasmepbl

u popmy, xapakrep Nn30/IMHEiHOVN 30Ha/IbHOM
rpaHuubl. BBoasTcs noHsTus n3oacgannm kak
naeann3npoBaHHOV 6e30MacHOl rpaHnuLbl, a TaKke
un3oacqgannyeckon NoBepxHocTu, popmupyioLie
unaeann3npoBaHHyro 6e3onacHyo 061acTb BOKPYr
cyaHa. Ha ocHoBe Teopun MHOX€ECTB BbIBOAUTCS
BapuaTUBHbIN 3aKOH U3MEHEHUSI KYCOYHbIX
YHKUMIA, ONUCBIBAIOLLIMX aCUMMETPUYHOE
OTHOCUTEJIbHO ANaMeTPasibHOW MJI0CKOCTU

cyaHa 6e3onacHoe npocTpaHcTBo. [Mony4yeHHoe
BbIpaXkeHUe rno3BosisieT UAEeHTUGULNPOBaTh
rpaHuLy acuMMeTPUYHOM SJIJTUNTNYECKOM 30HbI
HaBUraLuMOHHOV 6e30MacHOCTH.

KntoyeBsbie crioBa: MoOpckve cyaa, HaBUraLmoHHast
6e30MacHOCTb, UAEAIN3NPOBaHHAs MOLEIb,
U30IMHerIHas rpaHuLa, n3oacganms,
n30acgannyeckas noBEePXHOCTb,
acyMMEeTPMYHAs SJUTUIMTUHECKAst 30Ha,

TEOPUsI MHOXECTB, BapUAaTUBHbII 3aKOH.
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pY pellIeHr OCHOBHOTO KOMILIEKCa

3a/1au, CBSI3aHHBIX C obecTieueHreM

0e30MacHOCTU MOpPETUIaBaHUS, CYIHO
BCera BbIAEPKUBAET TPEOYeMyIO TUCTAHLIUIO
MEXy IPYTUMU TTOIBVXKHBIMU M CTallMOHAP-
HbIMU 00beKTaMu. Takast IuCcTaHUMsI Hy>KHa 11T
COXpaHEeHUSI 33JaHHOTO YPOBHSI HABUTAIIMOH-
HOI 6€301TaCHOCTH, @ TAK3KE TTOJTyYSHMSI BpeMe-
HU Ha OTBETHbBIE JIEUCTBUS B KPUTUUECKUI
MOMeHT. COBOKYITHOCTb TOUEK TMPOCTPAHCTBA,
COOTBETCTBYIOIINX CTPAXOBBIM IMCTAHIIMSIM Ha
BCEX KyPCOBBIX yIjlaX, 00pa3yeT BOKPYT CylaHa
30HY OIpeeaeHHOI (hOPMBI U pa3MepoB, UMe-
HyeMYI0, CoTJIacHO paboTe [3], «30H0i1 HaBUTa-
1oHHoi 6e3omacHoct (3HB)». OtnenbHbIMU
aBTOpPAMHU B XOJI¢ KOHIIETITYaIbHOTO Pa3BUTHST
nionsitust 3HB nipemiaranuck pazinyHbie Tpak-
TOBKU TepMuHa [ 1-5, 8—14].

Haiueit KoHLenuum u3oJauHeRHOCTU 00-
Jiee OTM30K BapyaHT, KOTOPBI OMMCHIBAET
TpaHUILy IPUMEHUTENIBHO K JTI00OMY METOILy
3HB.

30Ha HABUTAIIMOHHOW 0€301MacHOCTU —
3TO MPOCTPAHCTBO BOKPYT CyHA, 00pa30BaH-
HOE CHCTEMaTU3UPOBAHHBIM MHOXECTBOM
TOYEK JMCTAHIMIT Ha BCEX KypCOBBIX yIJIaXx,
MpU 3TOM TPaHUIIA PUCKOB IPEACTaBISIET
co0O0il KpUBYIO PaBHBIX 3HAYEHUUN (U30JIU-
HUIO) CTEeTeHU 0e30TacHOCTU TJIaBaHUS
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Ta0imuna 1
DakTopb! BAMSHUS HA pa3Mepsl 1 (POPMY 30HBI HABUTAIMOHHOI 0€30MACHOCTH

Ne i/m
1 HasurarmoHHble

DakTopbt Kpurepuu orieHKr

* TEXHUYECKUE CPEICTBA U METOMBI CYTOBOXICHUS;
* CBSI3b C APYIOii U30JUHUCIH;

* paiioH U PeXUM TUIaBaHUS;

* 0COOEHHOCTH IJITaBaHMS B 30HaxX NmoBbilieHHOro pucka (High Risk Area);
* BBITIOJIHSIEMbIE 9KUTIaKeM Cy[HA HABUTALIMOHHBIE ONepaliuy (IOCTaHOB-
Ka Ha SIKOpPb, IIIBAPTOBKA, OIEPALIUU «CYTHO—CYIHO», OTIEPALIMH C BEPTO-
JIETOM);

* JIOUMaHCKasl IPOBOAKA;

TJIYOMHBI;

BO3/YLIHOE MPOCTPAHCTBO;

KOJIMYECTBO U MECTOIOJIOXKEHNE IPYTUX OOBEKTOB.

2 Tunpomereoposornyeckme BETED;
BOJIHEHUE;

TeUeHUe;

MPWINBHO-OTIMBHBIC SIBICHUSI;
TUIOTHOCTb MOPCKOI CpeJibl;
LITOPMOBBIE YCIIOBMSI;

JiemoBasi 00CTaHOBKA;

COCTOAHUE BUIUMOCTHU.

MIIIICC-72;

noptoBbie CY/IC;

* TpeGOBaHUS MEXKITYHAPOIHBIX KOHBEHIIWI U LIMPKYJISIPOB;

* PYKOBOJSIIINE TOKYMEHTBI TOCYAAPCTB, KAcaoIInecsi 00eceyeHust
0e30MacHOCTH IJIaBaHuUS;

* TpeGOBaHUsI CUCTEMBI YIipaBieHus 6e3onacHocThio (CYB);

* HACTaBJIEHMsI KallMTaHa [0 HECEHUIO XOJI0BOI BaXThI.

3 HopmaTtuBHO-TIpaBOBBIE

4 CraTnueckue TapaMeTphl CyJHa U IPYTUX OO BEKTOB-1IETIei;

TOCTOSTHHbIE CHJTbI U MOMEHTBI CUJI (BEC CyHA, CUJIbI MOAEPKAHUS).
KypC Cy/Ha,

CKOPOCTb, YCKOPEHHE 1 3aMeUICHUE CY/IHA;

OTHOCUTEJIbHAsI CKOPOCTb COJTMXKEHUSI.

5 Kunemarnueckue

6 Z[I/IHaMI/I'{CCKI/IC MaHéBpCHHHC 1 MHECPLIMOHHBIC XapaKTCPUCTUKU Cy/IHA;
* OBM2KYHIME, BHCIIHUE U BPEMEHHBIC — MMEPEMEHHBIC — CUJIBI U MOMEHTDI

CWJI, IEACTBYIOLMX Ha CYJHO B [IPOLIECCE IKCIUIyaTaLlUM.

7 Tlcuxonornyeckue * MPaKTUYECKUI OIBIT CYyTOBOAUTEIS;

* CTCIICHb 0606H_IéHHOCTI/I 1 00BEKTUBHOCTHU OLCHKMN CyH[eCTByIOIIIefI
HABUTAaLIMOHHOM CUTYyaLlUU;

* KOMMYHHUKallMOHHAas B3aUMOCBA3b C IPYTUMU CyJaMU U 061)6KTaMI/I;
* OopraHusanusa paGOTbI MOCTHUKa.

JMIAaHHOTO CyJHA MPU KOHTaKTe C JIIOOBIMU
00bEKTaMMU.

Pesynbprupyitoliee BIusiHue Ha pa3Mep-
HOCTb 1 KOH(UTYPAINIO TAKOTO MPOCTPAHCT-
Ba OKa3bIBAET KOMILJIEKC (haKTOPOB U KPUTE-
pUeB, BBISIBIEHHBIX HA OCHOBE MHOTOJIETHUX
uccnenoBanuii [ 1—5, 8—14], ux Komu4ecTBeH-
HOI1 OIIEHKU, KOTOPbIE MOTYT OBITh JIOTIOTHE -
HbI aHAJTU30M MTPAKTUIECKUX HABBIKOB, TIOJTY -
YEHHBIX B ITPOLIECCE PeaTbHOM IKCTUTyaTallu
cynoB. MIx 00001IEHHAST CTPYKTypHash Kjiac-
cudukanus npeacTaBieHa B radnuie 1.

OueBUIHO, YTO IIPU COBOKYITHOM YyUETe
Bcex (haKTOpPOB IpaHUIIA 30HBI HABUTAIIMOH -
HOI 0e301macHOCTU OymeT TpaHCHOpPMUPO-
BaTbCSI B UPE3BBIYAWHO CIOXHYIO (UTYPY
U, COOTBETCTBEHHO, CJIOXHOE MaTeMaThye-
CKoe ornucaHue. DTo OOBSICHSIETCST CIIeNyI0-
UMY OCHOBHBIMU aCTIeKTaMU:
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* HaBUTALMOHHBIE, TUAPOMETEOPOJIOTU-
4eCKMEe, HOPMATUBHO-TIPABOBbIE U CTaTUYe-
ckue (paKTOpbl HOCSIT IPUIMHHEBIN XapakKTep,
SIBJISIIOTCSI HAOII0JaeMbIMU 1 00YCJIaBIMBAIOT
BJIMSTHUE CJIEACTBEHHBIX TMHAMUYECKUX BO3-
NIEMCTBUI Ha CYIHO, a TAKXE CTEMEHb U3Me-
HEHMST KWHEMATUIeCKUX (PaKTOPOB IS MO -
JIep>KaHMsl 33JaHHOTO YPOBHS O€30MaCHOCTU
B 3aBUCUMOCTHU OT CYIIIECTBYIOIICH HABUTALI-
OHHOM cuTyauuu,

* MIEPEMEHHBIE CUJIbl U MOMEHTBI, BBICTY-
NarIre KpUTEPUSIMU OLIEHKNA JUHAMUYECKUX
BHEIIIHUX BO3IEHCTBUA, IBISIOTCS HEHAOJI10-
aEMbIMU U MOTYT OBbITb BbISIBJEHbBI TIPU
WCKJTIOYEHW U U3 BEJIMYUHBI PE3YIBTUPYIONIE-
T'O BO3IEUCTBUSI aHATUTUIECKU CPOPMYITHPO-
BaHHBIX €T0 U3BECTHBIX COCTABJISIONINX;

* MIPUYUHHbBIE TUAPOMETEOPOJIOTUYECKUE
U, KaK CJIEICTBUAE, IMHAMUYECKNE BO3AEUCT-
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Puc. 1. 3HB cnoxHovi ¢popmbi.

BUsI HAa CyTHO MOTYT IIPUHUMATD PEeTYJISIPHBII
WJIM HePETYISIPHBINA XapaKTep, IPOSIBIISISI IPU
9TOM CTOXaCTHUYECKHE M CKAYKOOOpa3HbIC
CBOICTBA,;

* 3HaUMUTEJIbHAs YacTh PUBEIEHHBIX (DaK-
TOPOB SIBJISIETCST HEYTIPABISIEMOi (32 MCKITIOUe-
HUEM Kypca U CKOPOCTH CYIHa; K KOCBEHHO
YIPaBIISIEMbIM MOXHO OTHECTH YCTOMIMBOCTh
CyIHa Ha Kypce, TIOBOPOTIMBOCTD ITPHU TaHHBIX
YCJIOBUSX IIJIaBaHUS, TJIOTHOCTD IBMKEHUS
CYIIOB IpY HAJIWYMU aleKBaTHON CHCTEMBI
ynpasserust (CYIAC) [1]);

* TICUXOJIOTUYECKUE (haKTOPHI SIBISIOTCS
KPUTEPUSIMU COBOKYITHOM OLICHKU IMPUYMH-
HO-CJIEACTBEHHBIX BO3IEUCTBUI Ha CYIHO
B IIPOILIECCE €0 KCILTyaTallMu IIPY HATUIUHU
CyIOBOAMTEISI, OMHAKO B CHITY €ro ICUXopu-
3UYECKOTO U SMOIIMOHAJIBHOTO COCTOSIHUS HE
BCerma MOXeT ObITh 00bEKTUBHO OIpeiesieHa
cTerneHb 0e30MacHOCTH CyIHA B Ipeodiagalo-
1IEH CUTyaluu,

* KPUTEPUHU OLICHKU MCUXOJOTUYECKUX
¥ HOPMaTUBHO-IIPaBOBBIX (haKTOPOB He 00J1a-
JIaloT B JOCTATOYHOI Mepe YETKOI U 00BbeK-
TUBHOH perlaMeHTalUEer, IIpUHUMAsI PEKO-
MEHIATEJIbHBIN WM BApUaTUBHBINA XapakTep;

* pacrpenejeHue NeHCTBYIOIIUX CHUJ
¥ MOMEHTOB BIOJIb JUIMHBI KOpIyca CyaHa
HEpaBHOMEPHO.

IMpuBenéHHbBIE aCTIEKTHI NCTIOIL30BAINUCH
npu moxenupoBaHun 3HB kpymHoToHHaX-
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HBIX CYJ/IOB IIPY CJIEAOBAHUHU B OTPAaHUYCHHOM
paiioHe maBaHus (puc. 1a) [12] u momoranu
OIIPENIEIUTh BEPOSITHOCTHBIE 00JIaCTH, PEKO-
MEHIyeMble TaHKepaM B 3aBUCHUMOCTHU OT
npeobnanawIeit cutyamuu (puc. 16) [13].

TpaHuIIBI TpeaI0XEHHBIX HA pUC. 1 Moze-
JIei IEMOHCTPUPYIOT IOCTATOYHO TPYI0EMKIE
B MaTeMaTU4YECKOM OINMUCAHUM GUrypsl. s
BEPOSITHOCTHBIX 00JIACTEI CYLIECTBYET pa3HO-
o0pasue Bapualuii GopMaan3aluu Ipu pe-
TYJISIPHO BO3HUKAIOIIMX HOBBIX CUTYallUsIX,
YTO YCJIOXKHSIET OLICHKY OOCTAHOBKU U YBEJIM -
YUBaeT BpeMsl IIPUHSITUSI PEIICHUSI.

Takum o6paszom, pyHIaMEeHTaIbHBIM
YCJIOBMEM, COOTBETCTBUE KOTOPOMY ITO3BOJIUT
HauboJjiee 3(POEKTUBHO pellaTh 3aJa4u 110
obOecrieueHUIO OE30IIaCHOCTY TUIaBaHUs, SIB-
JISIETCS MakKcuMajbHass COOTHECEHHOCTh
koHpurypauun 3Hb ¢ Tomonornueckum
KPUTEPUEM: IIPOCTOTO MaTeMaTUYECKOIO
OIKMCAaHUsI U TEOMETPUYECKOTO IpeacTaBlie-
HUS TpaHulb [3].

Orcroza elié oJHO OCHOBOIIOJAraolee
ompeneacHue:

dopmalii30BaHHOI MOJIEIbIO 30HbI HABU-
rallMOHHOM 6€30MaCHOCTU MOXET CUUTAThCS
Takasl TeopeThYecKasi Mojiesib, hopMa U Ia-
paMeTpbl KOTOPOIi MO3BOJISIIOT €IMHOBPEMEH -
HO MAaKCUMAJIbHO YUeCTh U3BECTHbIE (DAKTOPDI
BJIMSIHUSI, COOOPa3ysiCh IPU 3TOM C TOIIOJIO-
TMYECKUM KPUTEPUEM.

FapaweHko M. A. U30n1nHUS 30HbI HABUTaLMOHHOW 6€30MacHOCTU CyAHa



Hannuue Ha HacTOSIIIIMIA MOMEHT MHOTO-
ob6pasus popM u napamerpoB mozeneit 3SHb
OOBSICHSIETCSI OCOOCHHOCTSIMU B TTOJXO/AX,
METOJIaX, CTENEeHN OO0bEKTUBHOCTU UCCIIENO0-
BareJieil Mpy CUCTeMATU3ali1, OLIEHKE 1 YU&-
Te (haKTOpOB, BIUSIONIMX Ha KOH(UTYPAITUIO
30HBI Oe30macHocTH. OTHAKO BCE ATH TTOIXO0-
Il 0000IIAIOTCST TEeHAEHIIMEN K BBISIBJIEHUIO
1 MOJIETMPOBaHUIO (POpMaTM30BaHHOMW Tpa-
HUIBI 0€30TIaCHOT0 TTPOCTPAHCTBA BOKPYT
Cy/Ha.

®opmanmzoBanHoii rpanune 3HB mpen-
JlaraeTcs naTth 0000HIEHHO-a0CTPaKTHOE
oIpe/ielIeHIe «M30achalinsI»:

M3oachanus (0T rped. 100G — paBHBII,
acpdrelo. — 6e30macHOCTh) — KpuBas, dhop-
MUpYIOIIash TPAaHWUILY 30Hbl HaBUTAIIMOHHOMN
0e30ITaCHOCTU W MpPeACTaBIsIoNnas coboi
JIMHUIO paBHBIX 3HAUYEHU I CTETIeH Oe301ac-
HOCTH.

3aKoOHOMEpHOE TTPOU3BOJTHOE OT ITOTO
OTIpeIeIEHUST:

M3oachannueckas moBepxHOCTb — 00-
JlacTh, JUMUTUPOBaHHAs u3oacdanueit
(puc. 2).

B paborte [3] npemnaraercs opmMupoBaHue
suntudeckoit 3HDB, Haunydimum odpazom
obobwatoIeil Bce apyrue ¢hopmbl 6e3omnac-
HOTO IMPOCTPAHCTBA BOKPYT CYIHA, C 3aKOHOM
CMEIIEHNS 1IeHTPa B 3aBUCUMOCTH OT KUHE-
MaTUYECKUX XapaKTepUCTUK, MaHEBPEHHBIX
KA4yeCTB Cy[IHa, CUTyallui U yCJIOBUN TJ1aBa-
HUS C 1IeJblo hopMan3aliuy €€ rpaHuIIbI
(puc. 3). OgHaKo MoIeTUpOBaHUE HELIEHTPU -
POBaHHOI 30HBI HABUTAIITMOHHO# 0€301TacHO-
CTU MOXKET 3aTPYIHUTh OILIEHKY CUTyalluu
¥ BBI3BATh JOMOJTHUTETBHYIO CJIOKHOCTD ITPU
UIeHTU(UKAIIMY BETMIMHBI CMEIIICHUST CYTHA
OTHOCHUTEJILHO IIeHTpa 0€301acHOro Mmpo-
CTpaHCTBa.

B nanHoM ciiydae s 06001IEHUS U YHU-
Bepcaan3aliiyi MHTEPECYIONINX HaC Mofelei
OepéTcs BapuaHT aCUMMETPUYHOUN LEHTPU-
poBaHHoI1 amuntndeckoit 3HB. @opmanu-
3a1usl €€ MOJeJNM MpeIoaraeTcs: myTém
MPUOTVKEeHUST 3aKOHOB aJlallTallliy TPAaHUIIbI
K cucteme «cyaHo—Monaenb 3Hb» mpu Haxox-
JNIEHUU CyIHa B IIeHTpe m3oachalnvyeckon
TTOBEPXHOCTH.

Jlst BBISIBAEHUS €€ TpaHullbl, 0a3upylo-
Ielicst Ha CUCTeMaTU3alli MHOXKeCTBa dJie-
MEHTOB, K KOTOPBIM OTHOCSITCSI TOUKM 0e3-
OTIACHBIX IMCTAHIIMIA Ha BCEX KYPCOBBIX yIJIax,
11eJ1eCO00pa3HO BOCIIOIB30BAThCS (DYHKIEH
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-

P

- —lectHyromsnaa 3HB;

--------- — Damantuueckas 3HB;

——= = —IIpamoyromerai 3HB:

—=-= = —Kpyrosas 3HB:

— Mzoacammeckas
IIOBEPXHOCTH

Puc. 2. KoHuentyanbHoe npeacrasneHne o6
abcTpakTHoV naoacgannyeckor NoBepxXHOCTHU.

Py :{Pro’Pr] s Do Py --,p,n}; n— o0}

" l
r=r(q,); ie[0;n], M

rne P3HB — 0ECKOHEUYHOE OrpaHUYEHHOE MHO-
XKECTBO TOUEK 0€30MaCHbIX IMCTaHIIMMI, 00pa-
syroux rpanuny 3HbB; v, — i-a nuctanums ot
LIEHTpA YIIPaBJIEHUSI CYAHOM 10 TOUKU, TIPU-
Hamnexarei rpanune 3HB, m; p,,— TOYKa Ha
rpanutie 3HB, cooTBeTcTBYIOIIA i-1i AUCTAH-
Unu; ¢, — KYPCOBOWM YTOJI i-1 TUCTAHLINU, TPAT;
n — 4ncio ayemMeHToB cucteMbl 3HB.
OueBUIHO, YTO B OOIIEM BUJIE i-51 TUCTaH-
s smunTudeckoit 3HB, cumMeTpuaHoit
OTHOCUTEJIbHO TJIABHBIX OCeli, SIBISIeTCS €€
paanyc-BEKTOPOM, OMpPeENesieMbIM Ha COOT-
BETCTBYIOLLIEM KYPCOBOM YIJIE€ U3 BhIPAXKEHUS

[7]:

r(g,)= ab
v Jabsin? g+ b cos’q,

)

rae a, b — 0oJblIas v Majas oJyOCH 3JUTUII-
ca3HB, m.

g uaeHTH(UKALIMY TPAHUIIBI ACUMMET-
puaHoii smunTrYeckoit 3HBb mogupuumpy-
eM GyHKIIUO (2), OLIeHUB I'paHUILy Oe301mac-
HOTO IPOCTPAHCTBA BOKPYI CydHA C TOYKHU
3peHus Teopun MHoxecTB [6]. Ha puc. 4
BUIHO, YTO (DYHKIMS TSI OTIUCAHUS 0eCKO-
HEYHOr0 OrpaHMYEHHOI'0 MHOXKECTBA TOYEK
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————— — Mzoacoammaeckas
TIOBEPXHOCTb;
................ — Omwmnnrageckas 3HB co
CMEIICHHBIM IIEHTPOM;
— IenTpupoBanHas acuM-
METpHYHAS JUTHITHIECKAs
3HB.

Puc. 3. Bapunauun ngeann3anpoBaHHbIX
nosepxHocteii SHB.

0€e30MacCHbIX IUCTAHLINNA P3H]5 3aaeTCs KyCoU-
HO: pa3IMYHBIMUA KOMOMHAIIUSIMU (DYHKIINH
(2) Ha ompeneaEHHBIX CEKTOPHBIX MHTEPBa-
JlaX, OTpaHUYEHHBIX MTPOJOJbLHBIMU U Tpa-
BEP3HBIMU TTOIYOCSIMU:

ab,

Jaisin?g, + b} cos’q, ’
q,€[07:90°)

azbl

Jaisin’ g, + b cos’q,
g, €[907;180°)

a,b,

Jazsin® g, + b2 cos’q, ;
q,€[1807:270°)

albz

(3

2 2 2 2
\/al sin“q, +b; cos” g,

g e [270°;360°),

rea,, b,,— Bapualmu NpOLOILHBIX U TPa-
BEP3HBIX I0JIYOCEil IPU aCUMMETPUYHOCTHU
sinurica 3HB, M.

Coo00pa3ysi 2JIeMEHTbI IT0JIyOCei SJUTUIITH -
yeckoii 3HB, rpanumna xKotopoii onucaHa
dyHk1mei (2), c aHaTOTUIHBIMU DJIEMEHTAMK
KYCOUHBIX (PyHKIIHI (3), OIpeaesuM CeKTOp-
Hble MHTEpPBaJbl BAPUATUBHOIO BIUSHUS
3JIEMEHTOB 4, a,, b, b, Ha hopmanu3amIo
IPaHUIIbI 30HbI:

270°

90°

180°

Puc. 4. Mogenb acuMMeTPUYHOM
annuntuyeckoii 3HB.

a; g,€[270°;360")L[ 07907
ay; q;€[905270)

a=

b q,€[0180°)
b= “
by; g, €[180°360").

IlpuMeHEeHMEe KyCOYHO-TTOCTOSTHHOM
(YHKIIMU TIO3BOJISIET TTOCPECTBOM aHaIM3a
BbIpaxeHuit (2)—(4) chbopmynupoBath Bapra-
TUBHBIN 3aKOH TSI OTIPe/Ie/IEHUS TapaMeTPOB
MOJyOoCE aCUMMETPUYHOM 3JITUIITAYECKON
3Hb:
a,(1+Aa)+a,(1-Aa)

a=
2
1, g,€[270°;360") L[ 07;907)
Aa =
~1, g,€[90%;270°)
y_ bi(1+AB)+b,(1-Ab)
2
(5)
o 1, ¢,€[0%180")

~1, g,€[180;360°),

rae Aa, Ab — BapuaTuBHbIE KO3(MGUIINEHTDI.

B uTore BEIBOAMM KyCOYHO-HEIPEPHIBHYIO
(YHKILIMIO, TO3BOJISIOLIYIO OIUCATh TPAHULLY
acUMMeTpUYHOI ;uunTnaeckoit 3HB, yact-
HbIM BApUAHTOM KOTOPOIA SIBJIsIeTCSI (DYHKILIMS

(2) (cm. dopymyay 6):
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[a,(1+Aa)+a,(1-Aa) |- b (1+ Ab)+b,(1-Ab) ]

r(g,)=

[TonyyeHHOE aHATTUTUUYECKOE BBIPAXKEHIE
(6) moMoraeT peajr30BaTh METOA UIEHTU (DU~
KallMM TPaHUIbl aCUMMETPUYHOMN 3JIIUIITU-
yeckoir 3HB mocpencTBOM MCITOJIB30BaHUS
HEOKBUBAJICHTHBIX APYT APYTrY MPOAOJIbHBIX
U TPAaBEP3HbIX MOJIYyOCEH DJUIUIICa.

BbIBO4bl

[pennoxxeHHBII B CTaThe OIXO ITO3BOJISI-
eT 0000IIUTDL CITOCOOBI (POPMATM30BAHHOTO
npencrasiaeHus rpanuibl 3HD [3], mockonbky
HapsIIy ¢ pallOHAJIbHBIM pacIpeneieHueM
0e30MacHOro MPOCTPAHCTBA BOKPYT cyaHa [1]
TIOSIBJISIETCSI BOBMOXKHOCTh MHTEPITPETUPOBATh
KOHMUTYpallM CUMMETPUYHOM SJTATITHYC-
CKOM WJIM KPYTrOBOM 30HBI HABUTAaLIMOHHOWM
6e3omacHocT. HecMoTpst Ha acuMMeTpude-
CKIe CBOMCTBA, CyIHO PacIioyiaraeTcs B IICHT-
pe n3oacdanmueckoii moBepxHoct. COOTBET-
CTBEHHO MCKJTIOYACTCSI HEOOXOMMMOCTD yUETa
€ro cMelleHnsI OTHOCUTEbHO 1ieHTpa 3Hb,
a BCe HEILICHTPUPOBAHHBIC MJIM CEKTOPHBIC
BapuaHTHI [9, 11] MoryT OBITH 3aaHBI C UC-
M0JIb30BaHUEM BhIpaxkeHUsI (6) «<MeTOAMKAMU
ajanTralyy rpaHnLIbD TIOCPEACTBOM ITPUpALLe-
HUS MOIEIMPYeMbIX TapamMeTpoB. st uaeH-
TU(UKALIMY TTapaMEeTPOB ITPOIOIbHBIX U Tpa-
BEepP3HBIX MOJYoCel MMPUMEHUTEIBHO K KPYII-
HOTOHHaXKHBIM CYy/IaM Ha OCHOBE TaOJIMIHBIX
JAHHBIX O BOTOM3MEIIIEHUH MOXXHO IPUMEHUTD
METOJMKY, TIPEIJIOXKEHHYIO B padore [4].

Takum oOpa3oM, 110 pe3yabTaTaM BBITION -
HEHHOI paOOTHI BBIACIMM IIEJTM W HaTIpaBJie-
HUS JaJbHEUIIUX UCCIEeTOBAHUI:

* (popmanuzanus (pakTOpOB BIUSIHUS HA
pa3Mepsl 1 HOPMY 30HBI HaBUTAIIMOHHOMN
6e3omacHOCTH (CcM. TabauIly 1) ¢ mHembio ux
MaTeMaTUIeCKOM aganTallliy K CUCTEME «CY/I-
HO—3HB»;

* BBISIBJICHHE METOIUK MIACHTU(UKALINT
napamMeTpPOB MPOIOIbHBIX U TPABEP3HBIX T10-
JIyoceit, a TakKe paguycoB IJIST OTACIbHBIX
YYaCTKOB aCUMMETPUYHOMN SJUIMIITUYECKON
3HB;

* KOMIUTEKCHOE MOJCIMPOBAHNE aCUMMET-
puuHoit aumnTryeckoii 3HB;

2\/[511 (1+Aa)sing, +a, (I—Aa)sinqi]2 +[ b (1+Ab)cosg, +b, (l—Ab)cosqi]2 ‘

(6)

e aganTalus TPaHUILBI 0e30MaCHBIX
AOUCTAHUMU K KOMITO3ULIMOHHON CUCTEME
CYILECTBYIOIIEH CUTYAlLIMU C YYETOM BIIUSI-
HUS TIpeleIbHOTO KOJIW4YecTBa (PakKTOpOB
U KpUTEepueB UX OLIEHKMU Ha IapaMeTphl
1 KoHeuHY0 KoHburypanuo 3HB, koTopas
OyneT MaKCHUMaJIbHO YIOBJIETBOPSTH €&
onpeAeNIeHNI0 KaK n3oacdaindeckoil mo-
BEPXHOCTH.
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ISOLINE OF THE BORDER OF NAVIGATION SAFETY ZONE OF A VESSEL

Garashchenko, Maxim A., Admiral Ushakov Maritime State University, LLC SKF Management Services,

Novorossiysk, Russia.

ABSTRACT

Prevention of the majority of emergency
situations in navigation is based on observing a
certain distance between vessels, which allows
timely taking precautionary measures in order to
avoid contact. The thus created conditional space
of safety distances forms a navigation safety zone.
The article gives a universal conceptual definition
of such azone, a generalized structural classification
of factors affecting its size and shape, the nature of

the isolinear zonal boundary. The concepts of
isoasphalia as an idealized safe boundary, as well
as an isoasphalic surface forming an idealized safe
area around the vessel are introduced. On the basis
of set theory, a variational law of variation of
piecewise functions describing a safe space
asymmetric with respect to the vessel’s diametric
plane is derived. The resulting expression allows us
to identify the boundary of an asymmetric elliptical
navigation safety zone.

Keywords: sea vessels, navigation safety, idealized model, isoline boundary, isoashpalia, isoasphalic
surface, asymmetric elliptic zone, set theory, variational law.

Background. When solving the main complex of
tasks related to ensuring safety of navigation, a vessel
always maintains the required distance between other
mobile and stationary objects. This distance is necessary
for maintaining a given level of navigation safety, as well
as obtaining time for response actions at a critical time.
The set of points of space corresponding to insurance
distances at all course angles forms around the vessel
a zone of a certain shape and size, called, according to
[3], a «navigation safety zone (NSZ)». Some authors

during the conceptual development of the notion of the
NSZ offered various interpretations of the term [1-5,
8-14].

Objective. The objective of the author is to consider
issues related to the isoline of the border of navigation
safety zone of a vessel.

Methods. The author uses general scientific and
engineering methods, set theory, variation law,
modeling, comparative analysis, and mathematical
apparatus.

Table 1

Factors affecting the size and shape of the navigation safety zone

No. Factors Evaluation criteria

1 Navigational

o pilotage;
o depth;
e air space;

o technical means and methods of navigation;

o relationship with another isoline;

e area and mode of navigation;

o features of navigation in high risk areas (High Risk Area);

e navigation operations performed by the vessel’s crew (anchoring, mooring, ship-
to-ship operations, helicopter operations);

e number and location of other objects.

e wind;

e sea motions, waves;
e current;

o tidal phenomena;

2 Hydrometeorological

e storm conditions;
e ice conditions;
o state of visibility.

e density of the marine environment;

3 Regulatory
e port VTS;

o COLREGS-1972 (IRPCS)

e requirements of international conventions and circulars;

e guidance documents of states concerning the safety of navigation;
e requirements of the safety management system (SMS);

o the captain’s instructions for carrying watch.

4 Static

o parameters of the vessel and other targets;
o constant forces and moments of force (weight of the vessel, support forces).

5 Kinematic e vessels” heading;

e speed, acceleration and deceleration of the vessel;
o relative speed of approach.

6 Dynamic

e maneuvering and inertial characteristics of the vessel;
e driving, external and temporary — variables — forces and moments of forces
acting on the vessel during operation.

7 Psychological

situation;

e boatmaster’s practical experience;
o degree of generality and objectivity of assessment of the existing navigational

e communication relationship with other vessels and facilities;
e organization of the work of the bridge.

® WORLD OF TRANSPORT AND TRANSPORTATION, Vol. 16, Iss. 1, pp. 16—25 (2018)

Garashchenko, Maxim A. Isoline of the Border of Navigation Safety Zone of a Vessel



a) b) S ;

Pic. 1. NSZ of a complex
shape.

Results. Our concept of isolinearity is closer to the
variant that describes the boundary as applied to any
method of NSZ.

The navigation safety zone is the space around the
vessel formed by a systematized set of distance points
atall course angles, with the risk boundary representing
the curve of equal values (isoline) of the safety level of
the vessel’s navigation when it comes into contact with
any objects.

The resultant influence on dimension and
configuration of such space is provided by a set of
factors and criteria, identified on the basis of many
years of research [1-5, 8-14], their quantification,
which can be supplemented by an analysis of practical
skills obtained in the process of real operation of
vessels. Their generalized structural classification is
presented in Table 1.

Obviously, with the combined consideration of all
factors, the boundary of the navigation safety zone will
be transformed into an extremely complex figure, and,
accordingly, a complex mathematical description. This
is due to the following main aspects:

« navigational, hydrometeorological, regulatory and
static factors are causal, are observable and cause the
impact of the causal dynamic impacts on the vessel, as
well as the degree to which the kinematic factors change
to maintain a given level of safety, depending on the
existing navigational situation;

« variable forces and moments that are the criteria
for estimating dynamic external influences are
unobservable and can be detected by excluding from
the magnitude of the resulting effect of analytically
formulated known components;

« causal hydrometeorological and, as a
consequence, dynamic effects on the vessel can take
a regular or irreqular character, while exhibiting
stochastic and intermittent properties;

« a significant part of the factors quoted is
unmanageable (with the exception of the course and
speed of the vessel, while the steadiness of the vesselon
the course, the turning ability under the given conditions
of navigation, the traffic density of ships with an adequate
control system (VTS) [1] can be implicitly controlled);

« psychological factors are the criteria for cumulative
assessment of the cause and effect impacts on the
vessel during its operation in the presence of the
boatmaster, however, due to his psychophysical and
emotional state, the degree of vessel safety in the
prevailing situation cannot always be objectively
determined;

« criteria for assessing psychological and
regulatory factors do not have sufficient clear and
objective regulation, taking a recommendatory or
variable character;

- distribution of the acting forces and moments
along the length of the hull is uneven.

The above aspects were used in the simulation of
NSZ of large-tonnage vessels following a limited
navigation area (Pic.1a) [12] and probabilistic areas
recommended to tankers depending on the prevailing
situation (Pic. 1b) [13].

The boundaries of models proposed in Pic. 1
demonstrate figures, which are quite laborious in the
mathematical description. For probabilistic domains,
there is a variety of formalization variations with
regularly occurring new situations, complicating
assessment of the situation, and increasing decision-
making time.

Thus, the maximal correlation of the configuration
of NSZ with the topological criterion which is the
simplicity of the mathematical description and the
geometrical representation of the boundary, is the
fundamental condition, the compliance with which
will allow most effectively to solve the problems of
securing navigation [3].

Hence one more fundamental definition:

A formalized model of the navigation safety zone
can be such a theoretical model, the form and
parameters of which allow one to take into account as
much as possible the known influencing factors, being
consistent with the topological criterion.

Presently, the variety of forms and parameters of
NSZ models is explained by the peculiarities in the
approaches, methods, the degree of objectivity of
researchers in systematizing, evaluating and recording
factors that affect the configuration of the safety zone.
However, all these approaches are generalized by the
tendency to identify and model the formalized boundary
of the safe space around the vessel.

It is offered to give to the formalized boundary of
NSZ a generalized abstract definition of «isoasphalia»:

Isoasphalia (from Greek \cog — equal, o.cdparero —
safety) — a curve that forms the boundary of the
navigation safety zone and represents a line of equal
values of the degree of safety.

The natural derivative of this definition:

Isoasphalic surface — region limited by isosphalia
(Pic. 2).

The paper [3] proposes the formation of an
elliptic NSZ, which best generalizes all other forms
of safe space around the vessel, with the law of
center displacement depending on the kinematic
characteristics, maneuverability of the vessel,
situations and conditions of navigation with the aim
of formalizing its boundary (Pic. 3). However,
modeling a non-centered navigation safety zone
can make it difficult to assess the situation and
cause additional complexity in identifying the
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~——— — hexangular NSZ;
-=s=sseee = elliptic NSZ;
— === = rectangular NSZ;
—-= ==~ circular NSZ;
— isoasphalic surface

Pic. 2. Conceptual imaging of an abstract
isoasphalic surface.

----- — Isoasphalic surface;

"""""""" ~ Elliptic NSZ with the displaced
center;
=~ Centered asymmetric elliptic NSZ

270° 90°

180°
Pic. 4. Model of asymmetric elliptic NSZ.

Pic. 3. Variations of idealized NSZ surfaces.

vessel’s displacement relative to the center of the
safe space.

In this case, a variant of the asymmetric centered
elliptic NSZ is used to generalize and universalize the
models of interest to us. The formalization of its model
is assumed by approximating the laws of adaptation of
the border to the «vessel-model of NSZ» system when
the vessel is in the center of the isoasphalic surface.

To identify its boundary, based on systematization
of the set of elements, which include points of safe
distances at all course angles, itis advisable to use the
function

PNSZ={p,o,p,‘,...,p{,p,m,...,p,n}; n— oo; i
r=r(q,); iel0n],

where P, is an infinite limited set of points of safe
distances forming the boundary of NSZ; r, — i-th
distance from the control center of the vessel to the
point belonging to NSZ boundary, m; p,,— pointon the
boundary of NSZ, corresponding to the i-th distance;
g, — heading angle of the i-th distance, degrees; n —
number of elements of NSZ system.

Obviously, in general, the i-th distance of an elliptic
NSZ, symmetric with respect to the principal axes, is
its radius vector, determined from the expression [7]
on the corresponding heading angle:

r(q,)= ab
" Ja*sin’ g, + b cos’q, '

(2)

where a, b are large and small semiaxes of the ellipse
of NSZ, m.

To identify the boundary of an asymmetric elliptic
NSZ, we modify function (2) by estimating the boundary
of the safe space around the vessel from the point of
view of set theory [6]. Pic. 4 shows that the function for
describing an infinite bounded set of points of safe
distances P,, is given piecewise: by various
combinations of the function (2) on certain sector
intervals bounded by longitudinal and traverse
semiaxes:

albl

e[05907)
Jatsin? g, + b cos’ g,

a,b,

JaZsin®g, + b} cos’ g,

(3)

a,b,

e[180752707)
\/azz sin’ g, +b; cos’ g,
a,b,

5 g
A
A
g
22 2 2
\/al sin” g, + b, cos” g,

[
[907;180°)

[

[

[270°;360°),

wherea, , b, ,are variations oflongitudinal and traverse
semiaxes with the asymmetry of NSZ ellipse, m.

Correlating the elements of the semiaxes of the
elliptic NSZ, the boundary of which is described by
the function (2), with the analogous elements of the
piecewise functions (3), we determine the sectoral
intervals of the variational influence of the elements
a, a, b, b,on the formalization of the zone
boundary:

a; g,€[270°5360°)L[0790°)

B a; q,€[90%270°)
\e b; g,€[07;180°) (4)
by; g, €[180%:360°).

The use of a piecewise constant function allows us,
through the analysis of expressions (2)-(4), to
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[ (1+Aa)+a,(1-Aa) ][ b (1+Ab)+b,(1-Ab) |

r(g,)=

formulate a variational law for determining the
parameters of the semi-axes of an asymmetric elliptic
NSZ:

a:al(1+Aa)+a2(1—Aa)
2
1, q,.e[270°;360°)u[0°;90°)
-1, q,.e[90°;270°)
b:b1(1+Ab)+b2(l—Ab)
2
1, q,.e[0°;180°)

-1, g, e[180°;360°),

Aa=

(5)
Ab=

where Aa, Ab are variational coefficients.

As a result, we derive a piecewise-continuous
function that allows us to describe the boundary of an
asymmetric elliptic NSZ, a particular variant of which
is the function (2) (6).

The obtained analytical expression (6) helps to
realize the method of identifying the boundary of an
asymmetric elliptic NSZ by using longitudinal and
traverse semiaxes of an ellipse that are not equivalent
to one another.

Conclusions. The approach proposed in the article
allows us to generalize the methods of formalized
representation of NSZ boundary [3]. Since along with
the rational distribution of safe space around the vessel
[1], it becomes possible to interpret the configurations
ofa symmetric elliptic or circular navigation safety zone.
Despite the asymmetric properties, the vessel is
located in the center of the isoasphalic surface.
Accordingly, itis not necessary to take into account its
displacement relative to the center of NSZ, and all
non-centered or sector variants [9, 11] can be
specified using the expression (6) «border adaptation
techniques» by incrementing the model parameters.
To identify the parameters of longitudinal and traverse
semiaxes in relation to large-capacity vessels, based
on tabulated data on displacement, the technique
proposed in [4] can be applied.

Thus, based on the results of the work done, we
will outline the goals and directions for further research:

« formalization of the factors influencing the size
and shape of the navigation safety zone (see Table 1)
with a view to mathematically adapting them to the
«vessel-NSZ» system;

 identification of methods for identifying
longitudinal and traverse semiaxes parameters, as well
as radii for individual sections of an asymmetric elliptic
NSZ;

« complex modeling of asymmetric elliptic NSZ;

« adaptation of the boundary of safe distances to
the composite system of the existing situation, taking
into account the influence of the limiting number of
factors and the criteria for their evaluation on the
parameters and final configuration of NSZ, which will

2\/[a1 (1+Aa)sing; +a,(1 —Aa)sinq,.]2 +[b1 (1+Ab)cosg, +b,(1 —Ab)cosq,.]2 .

(6)

satisfy its definition as an isoasphalic surface as much
as possible.
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