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OCco6eHHOCTU U NPUHLNNNAJIbHbIE
TPYAHOCTU peann3auynn MHXeHepPHOH
mopgesnun 3D-ctaHunn. B aHanuse
MeTo4O0JIOrN4YeCKNUX U CUTYyaLNOHHbIX
MPUYNH NPenumMyLLecTBeHHO
NMPUCYTCTBYIOT T€ N3 HUX, KOTOPbIE
CBsI3aHbl C HE4OCTaTOYHO MOJIHBIMU
3HaHUSIMU O NPpUpPoAe AeiCTBUS
¢M3M'-IGCKMX 3aKOHOB U CJIO)XKHOCTbIO
MoAesIbHOro BOCriponu3BeneHus
nocsiegcTeuii B3anMmoaencTteus
006BEeKTOB rno4gBUXXHOIo cocTaBa n
JKes1e3Ho4OPOXXHOro nytn. 0603Ha4YeHbl
noaxoAbl K CUMyNSALNN PU3NIECKNX
U TeXHOJIOrN4YeCKnUX rnpoL,eccoB

AJis1 KOHCTPYNpPOBaHUs afeKBaTHbIX
peasibHoCcTH 06pPa30B.

KnroyeBsie cnoBa: xene3Has gopora,
3D-cTaHumsi, pusnyeckmne 3aKoHsbl,
MPOEeKTNPOBaHNe, MOAENPOBAHME,
CUMYISILIAS, CUJTbI TDUTSIKEHMIS,
CWJIbI YrIPYroCTU, CUJIbl TDEHUS,
KYMYJISITUBHBIN 9P DEKT.

BOTPOCHI TEGP

dusnyeckue ceomcTBa
00bEeKTOB MH)XEeHepHOoN Moaenu
3D-cTaHuum

Toao06nuu Asexcandp Koncmanmunoeus — doxmop
mexHu4ecKux Hayk, doyenm, oupekmop Hayuno-
uccne008amenbeKo20 UHCMUMyma Hcene3Ho00pOHCHO0
mpancnopma beaopycckozo eocydapcmeenno2o
YHugepcumema mpancnopma, lomens, beaapyceo.

HXXeHepHasi TpexMepHast MOJEb Ke-
JIE3HOJOPOXKHOM CTAHIIMU BbIIBUTAET
JIOCTAaTOYHO XECTKMUE TpeOOoBaHUS

K TTpOrpaMMHOM MoACUCTeME UMUTALIUU (DU-

3Uu4ecKux 3akoHoB. [Ipennosnaraercs, 4To

MOJEIUPYEMOE COCTOSTHUE PA3JIUYHBIX CTaH-

LIMOHHBIX 00BEKTOB OYIET 3aBUCETh OT MX

CBOMCTB, UBMEHSIOUIMXCS BO BpeMEHMU

MO MPUYKMHE B3aMMOJEMCTBUS APYT C APYTroM

U ¢ OKpyXeHUeM. [J1s1 MOJHOLIEHHO UHXKe-

HEpPHOU MOJeJu MPUHUMITUATILHO BaXKHBIM

SIBJISIETCSI HE TOJIbKO BU3yasibHAsl pealuCTU -

HOCTb pe3yJIbTaTOB AeiCTBUS (PU3UIECKUX

3aKOHOB, HO 1 IOCTaTOYHAasl TOYHOCTh OMKca-

HUS BCEi CUCTEMbI MPSIMBIX U OMOCpPeT0BaH-

HBIX CBSI3€1, MPUBOASILIMX K HAOJIIOAaEMOMY

KymyJsiTuBHoMY 3 dekTy. bosiee Toro, K un-

cJly TpeOOBaHUN MOXKHO ObLIO ObI MPUCOBO-

KYMUTb ¥ TPOTPaMMHYI0 CUMYJISILIMIO IPUYKH,

MOPOXIAILINX AecTBUE (PU3NUECKUX 3aKO-

HOB.

METOA40J10TNs N dUJ1I0CODUA
MOAEJINPOBAHUA

TpexmepHOe MOAENUPOBAHNE BCETAA CO-
NIPSAXKEHO € PEeLEHMEM LIEJIOTO Psilia HENpo-
CTBIX 3a/1a4, CBS3aHHBIX ¢ UMUTaLUER hopMm
U COCTOSTHUH peayIbHbIX O0bEKTOB. AKILICHTHU-
pysl BHUMaHUe Ha (U3UKE NMPOUCXOISIIUX
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MPOLIECCOB U BBIABUTAS TpeOOBAaHUS yyeTa
B3aMMOJICCTBUI MOJICIBHBIX OOBEKTOB, MbI
paccMarpuBaeM OOIIyI0 MpobdJeMaTUKy TeX-
HOJIOTMYECKOU PEKOHCTPYKIIUU PEaIbHOTO
MMpAa B €r0 KOHKPETHOU CUMYJISIIAM Ha TpaH-
CIIOPTE B BUAE HEKOTOPOII MPOCTPAaHCTBEHHO-
BPEMEHHOI JIoOKauK (QYHKIIMOHUPYIOIIEH
BUPTYQJIbHOM XeJIe3HOJOPOKHOU CTaHIIUMU.

AMOUILIMO3HAs TTONBITKA BOCCO3AAHUS pe-
ATUCTUYHOM 110 (hopMe U CONEPKAHUIO KOTTUU
JEACTBUTEIBHOCTU HATAJTKMBAETCS HA MHOXKE-
CTBO TIPUHIIMTTAATBHBIX M HETTOMEPHO CIIOXK-
HBIX MPOOJIEM, PE3YIBTATOM OCMBICJIEHUS KO-
TOPBIX MOXET CTaTh BITOJTHE JIOTUYHBIA BEIBOJL:
3a4eM CO3/1aBaTh KOIMUIO, KOTOpasi, KaK OXKH-
JaeTcs, OyneT 3aBelOMO XyXKe CBOEro OpUTH-
HaJla v /151 BOCIIPOM3BOJICTBA KOTOPOUl HY>KHBI
TUTaHTCKUE (DMHAHCOBBIE, TEXHUIECKUE U MH -
TeJUIeKTyalbHble pecypchl? boiee Toro, psin
3a/a4y B TaKOW MOCTAHOBKE BOOOIIE KaXeTcs
MoKa Hepa3pelIMMbIM, TTOCKOJIBKY OCTaeTCs
HEW3BECTHOM MPUPOJIA ICUCTBUS (PUBNMUECKUX
3aKOHOB, a MposiBisieMble 3G @MEKTH B CBOEM
OOJIBIIMHCTBE SIBJSIOTCS PE3YJIBTaTOM CKPbI-
THIX OT HAOMIONEHUS MOJIEKYJISIPHBIX U MHBIX
B3aUMOJICICTBUI, pPEKOHCTPYUPOBATH KOTOPBIE
B MOJIEJIU B BBICILIE CTENIEHU ITPOOJIEMaTUYHO,
JIOCTOBEPHOCTH IMOTY4aeMbIX MOJEJIbHBIX ITPO-
1IECCOB TPYIHO MPOBEPUTH U3-32 OTCYTCTBUS
COOTBETCTBYIOIIMX METOIUK U T.1.

Tem He MeHee, mpobOiema 3D-moaenupo-
BaHWUS B TAKOW CUCTEMHOI MOCTAHOBKE BITOJI-
He 3aCTy)XMBaeT BHUMaHUsI, YTOOBI TOBOPUTD
0 Heli cepbe3Ho. JIto6as 3agaya OKa3bIBaeTCs
BOCTPeOOBAaHHOI, ecii OyaeT npeacraBieHa
JNIOCTATOYHO yOenuTeabHas JoKa3aTeabHast
6a3a a(p(PeKTUBHOCTU MPUMEHEHUS Mpeaa-
raeMbIX Wi, MpUYeM He B OTIaJIEHHOM Oy-
NyIlleM, a B 0003pUMOM, OJIM3KOM, KOTJa pe-
3yJIbTaThl BHEAPEHUST UCCIEIOBAHUN CMOTYT
YBUIETh CaMU Pa3pabOTUUKHU.

Ocs3aeMblii 3 dexT oT UHDOPMALMOHHO-
busnyeckoit MoaEaU XKeJe3HOAOPOXKHOU
CTaHIIMU MOXHO ITOJTYYUTh, aKTUBHO UCTIOJb-
3ys1 €€ B TPAKTUKE U3BICKAHUI, CTPOUTEbCT-
Ba, PEKOHCTPYKUUU U IKCILTyaTallul 00beK-
TOB TpaHCITOPTHOM MHbpacTpykTyphl. [Tpen-
CTaBMM Ha MUT, YTO TaKasl MOJIEJTb, B IIOJTHOM
Mepe afeKBaTHasl JeUCTBUTEIBbHOCTHU, CYIIEe-
CTBYeT. DTO 3HAYUT, YTO OHA MOXET OBbITh
«3amnyImieHa» ¢ JIIOObIM UCXOTHBIM COCTOSTHU -
€M, Ha JItoOO¥i 3alaHHbIIi MOMEHT BPEMEHHU,
€€ MOXHO MPUMEHSTH JUIsl OlIeHKU 3 deK-
TUBHOCTU HCITOJb30BaHUS CYUIECTBYIOLIAX
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pecypcoB, TPOTHO3UPOBATH OTKAa3bl TEXHUYE-
CKUX CPENCTB, KAUECTBEHHO IIAaHUPOBATh
npoGWIaKTUYECKEe U PEMOHTHBIE PabOTHI,
3aMETHO MOBbIIIas 0€30MaCHOCTb ABUKEHUS.
MoaenabHblil 00pa3 cTaHET HEOThEMJIEMbIM
CIYTHUKOM pEeajbHOI CTaHIIMU, €r0 TEHbIO,
HEOTCTYIHO CJeNyIolIeil 32 CBOUM MPOTOTH -
MOM, HO CIOCOOHOI YXOAUTh B Oynyluee,
BO3BpaIllaThCs B MPOIILIOE, WLUTIOCTPUPOBATh
aJIbTepHaTUBHBIE CUTYallMU, CIIOCOOHbBIE Ha-
cTynaTh B OJvKaiillieM BpeMeHU, yrpexaas
OITacHBIE U MMOTPAHUYHbBIE COCTOSIHUSI OO bEK-
TOB OJ1arogapsi MOJI€JIbHBIM IETEKTOPaM BUP-
TyalabHOU cTaHUUU. [loge3Hble CUTHAJBI
U3 MOJEU, UAyLIel MO BpeMEeHU Ha Iiar
BIIEpEaU OT peajbHOro MpOTOTUNA, OYyIyT
KOPPEKTUPOBATh OMEPATUBHYIO PadOTy Je-
XKYPHOIO MO CTaHIMU poOOoTa, OTCAeXKUBas
JII0ObIe HETaTUBHBIE MPOSIBICHUST TEXHUYE-
CKOT'O U TEXHOJIOTUYECKOTO XapaKTepa, 3apa-
Hee «yBUAEHHBbIE» MOJEbIO.

DTa uauUIMYecKast KapTuHa BOBCE HE SIB-
JISieTcsl TPOJYKTOM HeyeMHOM (dhaHTa3uu. AB-
TOpP BIOJIHE MIPEACTaBIsIET cede TPYAHOCTH,
CTOSILIIAE HA IYTU peaTu3aluy Jaxe ciadoro
noa00us TOV TMTAaHTCKO MOAEIbHOI UH(OP-
MalMOHHO-(U3UYECKOI Cpefbl, KoTopasi OyneT
crnocobHa BOCIPOU3BECTU (DYHKIIMU PEATbHO-
ro MPOTOTUNA (KEJIE3HOMOPOKHOW CTAHIIUN)
B TaKUX MOAPOOHOCTSX, YTO SKCIEPT (HaYaIb-
HUK CTaHLWU), <MHCTAJUIMPOBAHHBIN» B 3TOT
MMP C [TOMOIIIbIO COOTBETCTBYIOIIUX DJIEKTPOH-
HBIX TaIXETOB BUPTYaJIbHOW PEaJIbHOCTHU,
He CMOXET HaliTW OCOOBIX OTJIMYUIA OT AEUCT-
BUTEJBHOCTU, C KOTOPOW OH CTaJIKUBAETCS
KaXIIbIi IEHb B MpOLIecce CBOEi paboThI.

ITpoGaeMHBIX MO3ULNIA, TPEOYIOIIUX CBO-
€ro pa3pelleHus 11 TOJyYeHUs OXKUIaeMO-
ro MponyKTa, BUAUTCI AOCTATOYHO MHOIO
C BeChMa LLIMPOKUM IToJieM obJiacTeit 3HaHUIA.
B nepeuHe HampaBieHUil, HECOMHEHHO, TM-
CKYCCHMOHHOTO XapaKTepa CTOUT BbIACIUTH
MpexXae BCEro 00IeMeTON0JIOTUYECKHE BO-
MPOCHI, ONPENESAIONINE MUPOBO33PEHUECKHE,
dunocodckue chepbl TPEXMEPHOTO MOJETU -
pPOBaHUS, POJIb U MECTO TPAHCITOPTHBIX BUP-
TyaJbHBIX MOJEJEN B XU3HU 00IIEeCTBa,
a TaKXKe LEJbIA psiji MPUKIIAIHBIX aCleKTOB,
UMEIOLINX HEMOCPEACTBEHHOE OTHOUIEHHUE
K 3(pheKTUBHOI peaar3alyu NoOTHO(PYHKIIM-
OHAJIBHBIX TPEXMEPHBIX 00PA30B XKEIe3HOI0-
POXXHBIX CTAHILIUM [CM., Hamp., 1].

'Yc10BHO BBICTaBJISAS BO [J1aBY yrjia Haubo-
Jiee oOIIMe HampaBJIeHUsI, MOXHO TpeaIo-
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KUTh HEKYIO paHXMPOBAHHYIO TTOCIEI0Ba-
TEJIbHOCTb MIIEMHBIX YCTAHOBOK, OYEPTUTH
TIPUHIMTTHAIbHBIE TTO3UIINK (hyHIaMEHTaTb-
HBIX W MPUKJIATHBIX HAYYHBIX TTOJOXEHUI
U MTPaKTUIECKN OPUEHTHPOBAHHBIX 33124 ITPU
nocrpoeHuu Moaeiieit 3D-cranumii. B mone
3pEHUST TOJDKHBI KaK MUHUMYM BXOJUTh:

— CEMaHTMYECKHN M CEMUOTUYECKH TOUHAS
XapaKTepuCTUKa MpeaMeTa, 1ejei U pesyib-
TaTOB pelIeHus MpobaeMbl (Harpumep, Gop-
MUPOBaHUE PEATUCTUYHOIO 00pa3a MOJeb-
HBIX 00BEKTOB CTAHIIMM C TOYHBIM BOCCO3/a-
HUEeM (DOPMBI U UMUTAIIMEN ITPOIIECCOB B3a-
UMOJECTBUS C OKPYXEHUEM, MPUIEM
aJIeKBaTHO JIEWCTBUIO TaKWX Xe IMPUPOTHBIX
Y TEXHOJIOTMYECKUX ITPOIIECCOB Ha peaTbHbIN
MPOTOTUII);

— ¢usocopckure acnekThl MOCTPOECHUS
(byHKIIMOHAIBHBIX MPOTOTUIIOB TPAHCIIOPT-
HBIX CUCTeM, METpUKa OLEHKU OJM30CTU UX
peabHBIX U BUPTYaJIbHBIX 00Pa30B;

— BJMSHHUE YeJoBeueckKoro dakropa
Ha (PYHKIIMOHUPOBAHUE TPEXMEPHBIX MOJIE-
JIeW CTaHIIUU;

— OrpaHWYECHUST MOJIEJIM 110 BEIUUCTUTEITb-
HBIM pecypcaM (BO3MOXKHOCTb ITPEICTABICHUS
pe3y/bTaTOB PabOThl B pealbHOM MacllTade
BPEMEHU);

— CTPYKTYypHO-(PYHKIMOHAIbHOE 3D-MO-
JIETMPOBAHUE KaK CIIOCO0 CO3MaHMS «Tapa-
JIEJTbHOTO MUPa», IOCTPOEHHBIE C €0 ITOMO-
IIBI0 «ITapaJiieIbHbIe MUPBI» BUPTYaTbHbBIX
XKEJIE3HONOPOXHBIX CTAHLIUIA;

— BepudUKaIMSI U BaTUAUS TpEXMEpP-
HOW MOJIEJI CTAHIIMU, TOYHOCTh BOCIIPOM3-
BeJeHUST crieln(UIEeCKNX U OOLIETEXHUYE-
ckux 2 GhEKTOoB;

— 0COOEHHOCTHM MeXaHW3Ma TPEeHUS TIpU
TIOSIBJIEHUY Ie(DEKTOB B3aWMOICCTBYIONTNX
MOJIEJIbHBIX OOBEKTOB;

— TEXHOJIOTMYEeCKNe TPeOOBaHUSI B MO-
JIeTbHOY MHTEePIIpETalli TPEXMEPHOI CTaH-
1u;

— BO3MOXHOCTb TIOSIBJIEHUSI KOPPEJISIINN
TTPOMEKYTOUHBIX COCTOSTHUI OOBEKTOB KakK
TapMOHUK VX B3aUMOJIEIICTBUSI C OKPYXKEHUEM,
PEKOHCTPYKIINSI COOBITUI KOCBEHHOM 1 OTIOC-
pEeNOBaHHOM CBSI3U OKPYXeHUs 00beKTOB 3D-
MOJIeJIM CTaHIIUM, PAHXXUPOBAHWE BHEITHUX
(bakTOpPOB, OKA3BIBAIOIINX HA HUX BIUSTHUE.

Bo Bcex cityuasix ocTaroTcs aKTyalbHBIMU
BOITPOCHI: JIOJKEH JIM BUPTYaJIbHBIN MUD OBITH
WHTEJUIEKTYaJIbHBIM, YTOOBI CTaTh ITO00MEM
peaslbHOTO? KaK MOXET BBITJISIAETh HEUTO
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TUIa TecTa ThlopUHTa U CPABHEHUS Peasib-
HOTO ¥ BUPTYaJbHOTO MUPOB? KaKUe MPaKTHU -
YyecKue 3a1a4y CMOTYT pelliaTh BUPTyaJlbHbIE
MOJIEJIU KeJIe3HOJOPOXHBIX CTAHLIUI, KOTO-
pble He ObLITM OMPeaeIeHbl TAKOBBIMU IKCIIEP-
TaMU IO MPOBEPOYHOMY TeCTy? YTO BaxkKHee
115t 3D-cTaHIMU — cob0eHUE (PU3NIECKUX
3aKOHOB UJIM UCTIOJTHEHUE TEXHOJIOTUYECKUX
TpeboBaHuIi?

TToMumo npoyero BHUMAaHUS 3aCTyK1UBa-
0T U HEKOTOPbBIE APYTYe MO3ULINU:

— MexaHusM Taiimepa 3D-monenu craH-
L1H;

— TPaHULIBI TIPOCTPAHCTBEHHOM JIOKALIUU
3D-craHLuu;

— 00JIaCTU PUMEHEHUS BU3YyalU3alluu
Kak crmocoba mpeacTaBleHUs] pe3yabTaToB
pacyeTa COCTOSTHUI MOJEIbHBIX OObEKTOB;

— JIaTeHTHBbIE JioKaluu 3D-Moienu cTaH-
11U (pe3yabTaThl HEHAOMII0AaeMbIX COOBITUMN
B KPBITBIX CKJ1a[IaX, HE3HAUYUTEIbHbIE ITPOCal-
KU 3eMJISTHOT'O MIOJIOTHA, HEBUIMMBIE Te(PEeKThI
up.);

— ChEM JAHHBIX C BUPTYaJIbHbBIX TaTYNKOB
Kak croco0 MoayyeHus KBa3uCTaTUCTUYECKOMN
vHGOpMaLINK;

— ycsioBus pa3BuTus 3D-Moaeu cTaHUMy
KaK alafnTUBHON CUCTEMBI;

— 0C00€HHOCTU DYHKIIMOHUPOBAHUS
MPOrpaMMHOTO PEKOHCTPYKTOPA KaK «CTPO-
WUTeJIs» BUPTyaIbHOTO Mupa 3D-cTaHIuu;

— JIETeKTUPOBAHUE Pa3BUBAIOIIUXCS JIe-
(hbeKTOB BUPTYaTbHBIX 0OBEKTOB.

Crnenyst 0003HaY€HHBIM WAESIM U MOAXO0-
JlaM, €CTb OCHOBAaHUE YTBEPXKIAaTh, YTO B UH-
XXKeHepHoUl Moaenun 3D-CTaHIUU BO3MOXKHO
MOJy4EeHUE COCTOSTHUI OO BEKTOB, aIleKBATHBIX
COOTBETCTBYIOIIMM COCTOSTHUSIM UX PEATbHBIX
MPOTOTUIIOB HE TOJBKO MO BHEIIHEMY BUALY,
HO U COAepXaHU0. DTO 3HAYUT, YTO Takas
MOJEJIb CITIOCOOHA TOMOYb CHUMATh MOKa3a-
HUST BUPTYaJbHBIX JATYMKOB, TTPOBOIUTH
00paboTKy CTaTUCTUYECKOTO MaTepuala
1 00ECIeYUTh PEe3yJbTaThl, KOTOPbIE MOXHO
UIEHTUDULIMPOBATH C OOBIYHBIMU HATYPHBbI-
MU UCCJIENOBAHUSIMU, UMeS YIOBJIETBOPU-
TEJIbHYIO ITOTPELIHOCTb.

CUMYNAUUA OENCTBUA

DPUSUNYECKUX SAKOHOB

HA BUPTYAJ1IbHbIA BAFOH
ITepemellieHre BArOHOB MO CTAHLIMOHHBIM

MYTSM IO AEVCTBUEM HEKOTOPOW CHJIBI B BU-

JI€ PA3JIMYHBIX TATOBBIX CPEICTB, TEXHOJOTH-
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yecKHue OIepallid ¢ BATOHAMM Ha ITyHKTax
TIOTPY3KU-BBITPY3KH, TEXHUIECKHE OITepaLII
C MOABMXXHBIM COCTaBOM BCeTIa MPUBOLST
K U3MEHEHUIO COCTOSTHUS M(WJTN) TIOJIOXKESHUS
Pa3IMIHBIX 00BEKTOB. Bu3yalbHO B MOIeIN
5TH U3MEHEHMST BOCIIpUHUMAIOTCS KaK BUP-
TyaJIbHasI BUIEOChEMKa.

OCO0EHHOCTbIO UHXEHEPHOU MOaeau
SIBJISIETCST HE TOJIBKO (M HE CTOJIbKO) €CTeCT-
BEHHOCTb BHEIITHETO 00pa3a, HO W CTPYKTYp-
HbIC U3MEHEHHUS MOIEIbHBIX 00BEKTOB,
TIPOMCXOISIIINE B PE3YJIBTaTe MOICINPYEMBIX
MPOIIECCOB. B 3TOM OTHOIIEHNN BaxKHO OTIpe-
IEeIUTh CTENeHb MeTalu3allii, TOUYHOCTH
BOCIIPOU3BEACHUST M3MEHEHUI U aJcKBaT-
HOCTb UX JercTBUTEIbHOCTU. ClieayeT oTMe-
THTB, YTO PeUb HE UACT O IIPOCTOM allITPOKCH -
MaIly BCEX MPOMEXYTOUYHBIX COCTOSTHUMA
MOJIETbHOTO OOBEKTA 1 BbIaue HEKOW Pe3yJib-
TUPYIOIIEH CTPYKTYPHI, IIOJTYIEeHHOM TToCpeI-
CTBOM OMITMPUYECKOTO IMPaBUJIa, «3alTUTOTO»
B aJITOPUTM MOJCIIN U TEUCTBYIOIIETO IO W3-
BeCTHOMY MpuHLUMITY modus ponens. Cumy-
JISIIUS TOJDKHA OBITH MTOCTpOeHa o o0pasy
U MOJ0OUIO peaibHOI CTaHIIUU.

Hanpumep, eciiu Mozenb peausyeT IBU-
JKEHME BaroHa 1o CTaHIIMOHHOMY TyTH 0Jia-
roJapst HEKOTOPOI TATOBOI cuJie, TO (hr3KnKa
JIBUXKEHUS 00s13aTeIbHO JOJIXKHA OBbITh CBSI3a-
Ha ¢ TpaHchopMmalueil BpalaTeJIbHOTO JIBU -
KEHMS KOJICCHOM Taphbl B IOCTYIIaTeJIbHOE
nepemeleHue BaroHa. [lpuiyem Ky3oB MO-
JIEJIBHOTO BaroHa ¢ JIOCTaTOYHO OIpenesIeH-
HOM IMOTPEITHOCTHIO ITOJXKEH ITOBTOPSTH
KOHCTPYKIINIO CBOETO ITPOTOTUTIIA T OTTUPATh-
Cs Ha TeJIeXKY 4epe3 HaJpecCOPHYIO 0Ky
C TIOATISITHUKOM, ITKBOPHEM M CKOJIb3YHOM.
TTosTOMY KOHCTPYKIIMS XOIOBBIX YaCTCIi Ba-
roHa, u3obpaxeHHast Ha puc. |1 mo cxeme

Puc. 1. YnpoweHHass Mogesib BaroHa.

«KYyOUK-MOJIeIN», SIBASIEeTCS B U3BECTHOM
Mepe YCJIOBHOW MU MOXKET MCHOJb30BAThHCS
B TMIEPBYIO Ouepeib IS NMPUKIAAHBIX 3a1a4,
MMEIOLIUX MTPE3EHTALlMOHHOE Ha3HAYEHKE.

Takas ympolleHHasl cxeMa He MOXKET Ja-
BaTb MpaBUJIbHbIE PE3YJIbTaThl U OOECHEYn-
BaThb MOACIMPOBAHNUE COCTOSIHUI OOBEKTOB
MpPU PELIEHUM LEJOro psgaa TEXHUUYECKUX
U TEXHOJIOTUUECKUX 3a]1a4, TIOCKOJIbKY CYIIIe-
CTBYIOIIWIT CIIOCOO IBIDKEHUSI BAaTOHA OCHO-
BaH Ha B3aUMOJENCTBUM MHOTUX AeTajieil
(puc. 2).

Kaxnplii KOHCTPYKUIMOHHBIN 3JIeMEHT
TeJIeXKKHN BaroHa MMeeT CBO¢ (PYHKIIMOHAIb-
Hoe Ha3HaueHMe (Kperexk, cMas3Ka, 3alIuTa
OT 3arpsI3HEHMI, a B LIEJIOM — FrapaHTUPOBaH-
Hoe obecrieueHue 6e3ormacHocT). B monHoii
cOOpKe MpU IBUKEHWUU TaHHBIA y3€71 BHOCUT
onpenesieHHbIN BKJIaJ B 001ee COMPOTUBIIE-
HUe IBIDKEeHNI0. BO3MOXKHO, 71T oTIpeneieH-
HbIX 33124 TOMYCTMMA alMpoOKCUMAalLUs 2Jie-
MEHTHOI'O OE€WCTBUS BO3HUKAIOIIMX YCUIIMHA
B pa3JIMYHbIX TOUYKAX B3aUMOJEUCTBUS yKa-
3aHHBIX JIEMEHTOB U MX 3aM€Ha HEKOTOPO
CYMMAapHOM XapaKTepPUCTUKOM IIOTEPb SHEP-
TUU IBUXKEHUSI HA COMPOTUBJICHUSIX C UCTIOJb-

Puic. 2. OCHOBHbIE 3/1eMEeHTbI TeJIeXKN BaroHa:
a — obwmii Bug: 1 — 6okoBas pama; 2 — HagpeccopHas 6aska; 3 — pecCcopHbIii KOMMIEKc; 4 — NoANATHUK;
5 — ckonb3yH; 6 — 6yKkcoBbIii y3es; 6 — 6ykcoBbii y3en: 1 — werika OCU KOJIeCHOW napbl; 2 — nabUPUHTHOE
KosibLo; 3 — kopnyc 6yKcCbl; 4 — PO/INKOBbIE MOALUNIMHNKYN; 5 — KpenuTesibHas waiiba; 6 — kpenuTesibHasi KpbILKa
¢ 6onTamu n NPOKNagKon; 7 — CMOTPOBas KpbILKa ¢ 601TaMu v anbamm.
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30BaHMEM YIIPOILIEHHOW MOJEIW BaroHa.
OnHako B 0011eM ciiydae ciaeayeT (hopMUpo-
BaTh YKa3aHHOE Ha pUC. 26 MHOXECTBO MO-
JIeJIbHBIX 2JIEMEHTOB C MPAaBWJIbHBIM COIPSI-
XKEHUEM UX B COOpPKE M Mocjieayolleit uMu-
Taluei B3auMoaeicTBUS B iMHaMuKe. Cxem-
Hble TTO3ULUM puc. 1 1 2 ciaeayeT Npu3HaTh
rPaHUYHBIMU B [10JI€ BAPMAHTHBIX MOAEJIbHbIX
JeTaiu3aluii, ornpenessieMbIX 1151 BUPTyaslb-
HOW CTaHIIUU.

ABTOp moJiaraet, 4To B JajIbHEeH1IIeM MOXK-
HO OyJeT MaTeMaTU4YeCKU J0Ka3aTh JOCTaTOU-
HBbI YpOBEHb JeTaln3alM KaK 3JIEMEHTHOTO
cocTaBa KOHCTPYKLIMU BaroHa, Tak U CTeNeHn
TOYHOCTU CUMYJISIUUU (DU3NUYECKUX 3aKOHOB
U UX CIAEACTBUI B 3aBUCUMOCTHU OT MPUKIIA-
HBIX 3aJa4.

Hanpumep, 111 iIeMOHCTpalUu B y4eOHbIX
LIEJIIX Mpoliecca pOCmycKa BarOHOB C COPTU-
POBOYHOI TOPKH 11€JIeCO00pa3HO UCITOIb30-
BaTh TPEXMEPHYIO MOJI€/Ib CTAaHIIMU, OCHOBAH-
HYIO Ha MPOCTOM cxeme puc. 1 ¢ anmpokcuma-
e OEVCTBUS BCEX CUJI B BUAE HEKOTOPOM
BEKTOPHOU XapaKTEPUCTUKMU Ha aOCOJIOTHO
TBEPJ0E TEJI0, KAKUM MPEACTABISIETCS BarOH.

BusyanbHo Takas Mmojesib CHocoOHa BIOJI-
He pealuCTUYHO MPEeACTaBISITh JUHAMUKY
JIIBUXKEHUS C IEMOHCTpALMEN Mpoliecca cKa-
ThIBAaHUSI C TOPKU U 3((HEKTOB CTOJIKHOBEHUS
BaroHoB B moAaropoyHom mnapke. C apyroit
CTOPOHBI, UccleN0oBaHue MpodeM B3auMO-
JIeicTBUSI KoJieca U peJibca MOTpedyeT OT BUP-
TyaJlbHOro o0pa3a CTaHUMU BbICOKOI TOUHO-
CTU MOJEJbHONW PEKOHCTPYKLIUU XOJOBBIX
JyacTel MOABUXXHOTO COCTaBa, BEPXHETO
W HUXXKHETO CTPOEHUM XKeJE3HOIOPOXKHOTO
MyTH, a TaKXKe TOCTATOYHO TOYHYIO CUMYJISI-
1110 (PU3UUECKUX 3aKOHOB TPEHUSI, COXpaHe-
HUSI UMITYJIbCA U SHEPTUU.

cumMmynauna nEMCTBUS
DOUSNYECKUX SAKOHOB
HA BUPTYAJIbHbIA NYTb
KenesHomOpoXHBIN MyTh B MHXEHEPHOM
MOJIEJIU CTaHLIUK 0003HAYaeT MAPLIPYT JBUXKE-
HUS BaroHa, 00ecrevyrnBasi UBMEHEHUE HarpaB-
JICHUS] B KPUBBIX U CTPEJIOYHBIX MTEPEBOJAX.
B nocnenHeM ciyyae BaXXHBIM OKa3bIBaCTCS
TOJIOKEHUE MOJEJIBHBIX OCTPSIKOB, OIPeessi-
IOIIUX IBUKEHUE T10 TIPSIMOMY WJI OOKOBOMY
nytu. Kak 00beKT MOIeIMpoBaHUs OH TpeN-
CTaBJISIET COOOM CTI0KHOE MHXXEHEPHOE COOPY-
JKEHUE, BKITIOYAIOILIEE B CE0sI BEPXHEE U HIDKHEE
cTpoeHusi nytu. HuxHee — 3TO KOMILIEKC
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YCTPOMCTB XEJe3HOIOPOXHOIO MOJ0THA
U UCKYCCTBEHHBIX COOpYXeHU . BepxHee — 310
0aJUTaCTHBIH CJIOH, MBI U TIEPEBOAHbBIE OpY-
Ch$1, PEJIBCHI U peJTbcoBble cKperuieHust. [1o mpu-
YMHE 3HAYUTEJbHOTO 2JIEMEHTHOIO COCTaBa
MyTH BO3MOXKHBI €0 pa3IUYHbIC allPOKCUMAa-
1uu (puc. 3).

Hauboee npoctoii 006pa3 myTy npeacTaB-
JIsIeT co0oli 1Ba pesibca IByTAaBPOBOTO CEUEHUS
Ha IlIrnajiaX, KOTOpble, B CBOIO OYepelb, ONupa-
IOTCSl Ha 3eMJISTHOE TTOJIOTHO (CM. puc. 3a).
DOyHKITMOHAIEHOCTH TAKOTO MOJIETTHHOTO 00pa-
332 MMHUMAaJIbHAsI U 00eCcreyrnBaeT UCKITIOUN-
TEJbHO BU3YaJIbHOE MPECTABJICHUE O HAIIPaB-
JIEHWU IBVDKEHUS BATOHOB, BKJTIOYASI IIEPEXO/IbI
Ha CMEXHBIE ITyTH IO CTPEJIOYHBIM MIEPEBOJaM.
Hekotopoe coeauHeHue GUKCUPYET CBSA3b
penbca U 1IMaji, UCKIIIoYas UX rnepeMenieHre
OTHOCUTEILHO APYT APYra, OMHAKO MPU STOM
HE YUYUTHIBAET BO3HUKAIOIIMX HATIPSDKEHUI TTPU
MPOXOJe TPYXKEHOTO MOABUXKHOIO cOcTaBa
CO 3HAYUTEJIbHBIMU CKOpocTsiMU. bosee Toro,
B TaKOU MOJIe/Iv MOJOOHBIX HArPY30K HET, a cJie-
JIOBATEJIbHO, U HEOOXOAMMOCTD MX YYeTa TOXe
OTCYTCTBYET, UTO IMO3BOJISIET MAaKCUMAaJIbHO
YOPOCTUTb MOJIENb.

BapuaHThl pric. 36 1 36 MJUTIOCTPHUPYIOT
HACBILIEHHOE 3JIEMEHTHOE COAepKaHUe MOJie-
JIA, TIPUOSIVKEHHOE K PEeaIbHOMY MPOTOTHITY.
CJI0XXHOCTb CTPYKTYPHOTO HAITOJTHEHUS pealTb-
HOT'O XeJE3HOMOPOXHOTO MYTU AUKTYETCS
Mpexae BCero TpeOboBaHUSIMU 00eCIieueHUs
0e30MacCHOCTH ABUXKEHMUS.

151 KOPPEKTHOTO BOCIIPOW3BEICHUS YCU-
JIVIA ¥ peaklinii B MOIETIbHOM MyTH HEOOXOIUMO
C BBICOKOIi CTEIMEHbIO TOCTOBEPHOCTHU 3adUK-
CUPOBaTh UX B KOHKPETHBIX TOUKAX C LEIbIO
BO3MOXHOI'O CheéMa Harpy30K BUPTyaTbHBIMU
JaTYMKaAMU MPU PELICHUM Pa3INYHbIX UCCTIe-
JIOBAaTeIbCKUX 3a1a4. 1 Takux 1esieit okasbl-
BAeTCs BaXKHBIM MTPEAEIbHO TOYHO OINPEIe/IUTh
BBIXOJHbIE XapAKTEPUCTUKU COCTOSTHUSI MO-
JIEJIBHOTO MYTU KaK CJIeACTBUE NEUCTBUS (PU3U-
YECKUX 3aKOHOB.

OBbEKTUBHbIE MPU4YAHDbI
OrPAHUHMEHHON TOYHOCTM
cumynauum

IMockonbKy mpupona aeiicTBust pusnde-
CKUMX 3aKOHOB HEIOCTATOYHO U3Y4eHa, TO OKa-
3BIBACTCS 3aTPYAHUTEIILHBIM TapaHTUPOBATH
TOYHOCTb BOCTIPDOM3BEICHUST UX B MHXEHEP-
HOW MOJeNN M3-32 OTCYTCTBUSI HAJAEKHBIX
MeTonoB Bepudukanuu. K Tomy xe yctaHOB-
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JIEHO, YTO CYIIECTBYIOIIME MPOrpaMMHbBIE
CpeACTBa CUMYJISILIUU (DU3UYECKUX 3aKOHOB
MOCTPOEHbBI Ha MPUBSI3KE K MOJEIbHBIM 00b-
eKTaM OMpeaeJeHHBbIX MaTepUualbHBIX
CBOJCTB, O1arofapsi KOTOPbIM CUMYJISILIAY TEJT
HauYMHAIOT BECTU cebs1 KaK HaXoasluecs
B HEKOTOPOM MOJIEJIbHOM T10JI€ TICEBAOTPaBU -
tauuu. CaMu OOBEKThI MOJEIU B3aUMOIEH-
CTBYIOT APYT C IPYTOM, KaK ec/iid Obl OHU TO-
naju B HEKOe IoJje, AeiicTBUEe KOTOPOro
OKa3bIBaeTCsl aHAJIOTUYHBIM MO BU3YaTbHbIM
€ro OLIEHKaM BJIMSTHUIO PEaIbHOTO TOJIS Tpa-
BUTALIMOHHO-WHEPIUATBHBIX CHI.

Ecnu, HanpuMep, B MOJIETIbHBIN MU Cpe-
nbl Unity 3D BBeCTH HOBBI 0OBEKT, TO TIPU
PEHIEPUHTE OH OCTAHETCS CTATUYHBIM U HU-
KakK He OymeT B3aMMOJEMCTBOBATh C YXKe Cy-
1IECTBYIOLIMMU OOBEKTaMU, TTIOKA EMY HE Ha-
3HAYUTh OTpeAeIEHHbIE CBOCTBAa (MAacCHI,
YIpYyroctu u ap.). [Ipu oTCyTCTBUM OMOPHOM
MOBEPXHOCTU MOJEIbHbIE OOBEKTHI, OMIPe/Ie-
JisieMble CBOMCTBOM TBEpaoro Tena («Rigid
Body») ¢ akTUBHBIM TATOTEHUEM, CUJION TSI~
xectu («Gravity»), magalOT B HUKYAA, Kak
€cJiv Obl OHU ONLYIIATU MTPUTSKEHUE CO CTO-
DPOHBI KAKUX-TO YIaJ€HHbIX TMTAHTCKMX Macc.
B peasbHOM Mupe 10001l HOBBI 00BEKT
(momyctuM, moesa, MpUObIBAIOIINIA HA CTAH-
1IMIO C MeperoHa) cpady momnajgaeT B I0Je
JEVCTBUS MPUPOJHBIX CUJT.

WuxeHepHass Mozielb CTAaHIIMU TOJKHA
obecrneynBaTh MOAEIMPOBAHUE TTOBENCHUS
TeJI He TOJIBKO B MOJIe TITOTEHUSI, HO U C y4e-
TOM CUJI YyIIpyroctu U TpeHus. CyllecTBylo-
1I1€ TEOPUU OTHOCSIT UX K CJAEACTBUSIM MPO-
SIBJICHUSI 2JIEKTPOMATHUTHBIX CUJI B pe3yJibTa-
T€ B3aMMOAEUCTBUS 3apsSI>)KEHHBIX YaCTUIL
aTOMOB U MOJIEKYJ 00beKTOB. BiusHue cun
YIPYTOCTU MPUBOAUT K U3MEHEHUIO (hOPMBI
U pa3mepoB Ten. Tak, cKaxeM, CUIbI yIIpyro-
CTU BO3HUKAIOT B 3JE€MEHTAaX PECCOPHOI0
MOJBEIIMBaHUS BATOHOB, KOTOPbIE SIBJISIIOTCS
racutessiMu KosiebaHuii U yaapoB, IepeaaBa-
€MBIX OT KOJIeC Ky30BY. B peajibHbIX YCIOBUSIX
MpU ABMKEHUHN KOJIECHAS Mapa MOXET UCTIbI-
TBIBaTh ycKOpeHus 10 25 g. [loaToMy naHHBII
KOMIIEHCATOp OTrpaHUYMBAEeT HETaTUBHOE
BO3/ECTBUE yIapHO-NIEPEMEHHBIX HArPy30K
OT KOJIECHBIX ap Ha KOHCTPYKTUBHBIE DJIe-
MEHTBI MOJBUXHOIO COCTaBa, OOECIEeUYnBaET
COXPaHHOCTb MEPEBO3UMBIX IPY30B U KOM-
dopT nmaccaxkupoB. OJHAKO OXUAAETCS Bbl-
COKasl CJIOXKHOCTh MPOrPaMMHOI peaiu3aiuu
JNEeWCTBUSL CUJT YIIPYTOCTU B UHKEHEPHOU
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Puc. 3. BapnaHTbl MoA€e/IbHOM PEKOHCTPYKUNN
JKeJs1Ie3HO4O0POXXHOro rnyTu Ha Hacbinu: a — yCﬂOBHbIﬁ
006pa3; 6 — 371IeMeHTbl 3eMJISIHOIO MOJIOTHA:

1 — BogooTBOAHAs kaHaBa; 2 — 6epma; 3 — Hacblrb;

4 — 6annactHas npu3ama; 5 — OTKOC HacbInu;

B — 3JIeMEeHTbl BepPXHero CTPOeHuUs1 nyTu: 1- Haknagka
c 6onramu; 2 — nogknagka; 3 — K1IeMma pesibCoBoro
KpenneHus; 4 — knieMMa npy>XuHHasi; 5 — NpoTUBOYroH;
6 — NpyOXNUMHas niacTtuHa; 7 - naonuvpyroLlasl BTyJsika.
MOI€CJIM CTAaHIIMHU, HO UMCHHO aJITOPUTMUYC-
CKad U aAcKBaTHas Fpa(I)I/I‘ICCKaH UMHUTalUAg
MOBECACHUA PECCOPHOro MnmoABCIHIMBAHMA Ba-
TOHOB 110 Harpy3K0171 0Ka3bIBaeTCsI 3HAUUMOM
B 3aJa4yax HUCCJIICOJOBaHUS B3aHMOI[CI710TBHH

KoJieca 1 pejbca.

Cuia TPC€HHWA, BOSHHMKarollasa B 30HC KOH-
TakTa KoJjeca U pejibca [CM., Hamp., 2-5],
IponopurMoHalbHA CUJIC HOPMAJIbHOIO JaB-
JICHUA, NCPICHAUKYJIAPHOTO IMOBEPXHOCTU
CoIIpuKacarommnxcsda TeJ. Pazmuunbie METObI
OLCHKN KOHTAKTHBIX Hal'[pf[)KeHI/Iﬁ (pCHIeHI/Ie
3agadyu repL[a, MOJICJIMPOBAHUE KOHTAKTa
C UCITIOJIb30BAHMEM YIIPYTOTO BUHKIIEPOBCKO-
'O OCHOBaHUA, BbIACIICHUEC ITPOMECXKYTOYHOI'O
CJIOM B 30HE KOHTAaKTa B BUI€ CMECH U3 OKCH-
Jia 2Keje3a 1 IpoayKTOB 1/13Hoca) C pa3JII/I‘IHOI7I
TOYHOCTBIO ITO3BOJIAIOT UMHUTUPOBATL p€ajib-
HBbIE€ IIPOLIECCHI. Paznuualor ITPpOOOJIBHOC
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U TTOTIePEYHOE TPEHUSI, @ TAKKE TTPOCKATB3bI-
BaHue BpamieHus (103). CI0XHBIE 1 10 KOHIIA
He M3y4eHHbIE TTPOIIECChI POIOJIBHOTO TPE-
HUSI, BO3HUKAOIIETO ITPY TOPMOKEHUH Baro-
HOB, TIOTIEPEYHOTO TPEHUST — TIPU BITHCHIBA-
HUU B KPUBBIC, OKA3bIBAIOTCST OUCHb BaXKHBIMK
IIPY U3YIEHUH TIPUYMH ITOBBIIIIEHHOTO N3HO-
ca peJIbCOB, MOTIOJTHUTETLHOTO pacxo/ia 3J1eK-
TPOSHEPTUH W TOTUIMBA IPU IBUKCHHUU TT0C-
31a, YTOHa ITyTH B TIPOIOJIBHOM U TIOTIEPEUHOM
HampaBJieHUsIX. MoeMpoBaHKUe CIEACTBUI
JEWCTBUST CWJI TPEHUsI, HECOMHEHHO, OymeT
cnoco6cTBoBaTh 9((HEKTUBHOMY PELICHUIO
yKa3aHHBIX mpobsieM. OgHaKo OCHOBHAsI TIPO-
OyeMa cBsI3aHa C OIpelesIeHUEM CTEleHU
JTOCTOBEPHOCTU MOJIETBbHBIX CUMYJISIIIMI CHJT
YIIPYTOCTH W TpeHUsI, (pu3mdecKass mpupoaa
KOTOPBIX IO CHX ITOP HE SICHA.

Bo3MoXHO, CyIIecTBYeT CIIoco0 CO3MaHUsI
nH(OpMaIMOHHOTO 0o0pa3a MPOCTPAHCTBA,
00J1a1aI01IEero CBOMCTBAMM MaTepUaIbHOTO
MUpa, KOTOPbIit MOXKHO OBLTO ObI pacIieHUBATh
KaK KOPPEKTHOE MPOTOTUIMPOBaHNE DU3H-
YeCKOU OCHOBBI CYIIIECTBOBAHMS M U3MEHEHUST
COCTOSIHUSI MOJAEBbHBIX 00BEKTOB. ABTOD
ToJIaraeT, YTo B JaJbHENIIEM MOXHO Oyier
TTOJTYyYUTb OTBET TOJIBKO O TOCTAaTOUYHOM (TN
HEIOCTAaTOYHOM) aqeKBAaTHOCTH IIPUHIIMIIA
CUMYJISIIIUN TeCTBUS (DU3NIECKUX 3aKOHOB
KaK MMPOSIBJISIONINXCSI CBOWCTB OOBEKTOB
1 BEKTOPHOTO BO3ICHCTBHUS TPABUTAIIIOHHO-
TO TOJISI PeaTbHOTO MUPa, KaK HEKOETO CIIe -
CTBUSI MICKPUBJIEHHOTO TIpocTpaHcTBa. [1pu-
YeM JIJIST KaYeCTBEHHOTO PellIeHUs TPUKIIa -
HBIX 3a7a9 Ha ITOJOOHBIX MHXXEHEPHBIX MOJIC-
JSIX TaKOW MOIXOJ He OTpa3uTcCs
Ha MMoJTy9aeMbIX pe3yJIbTaTax, HaJleskHO BEpH-
GUIMpPyeMbIX KOHTPOJIBHBIMI HATYPHBIMH
00Cc/IeI0BaHUSIMU.

[l1aBHOE — ompeeIeHHBIMU KOJIMIECTBeH-
HBIMU KPUTEPUSIMU 3a(DUKCUPOBATH JIEMEHT-
HBI1 COCTaB MOZIEJTEHBIX OOBEKTOB IMOIBYKHOTO
coCTaBa U TyTH, a TakXke PerpoIylIipoBaTh pe-
TUCTPUPYEMBbIe pe3YJIbTaThl X B3AUMOIEHCTBUS,
B COBOKYITHOCTH OOECTICUMBAIOIIINE TOCTATOYHOE
coBIMajzieHue HaomoaaeMbIx 3(PGHEKTOB MOAE N
u perctBuTeIbHOCTH. OCOOEHHOCTD TaKOi 10~
CTaHOBKM MPOOJIEMBI 3aKJTIOUaeTCsl B TOM, YTO
TIpY pa3pabOTKe MOMO0OHON MHXKEHEPHOI MOjIe-

JI OTCYTCTBYIOT HaJIEXKHbIE METObI BeprdHKa-
LMK pe3yIbratoB. HyXXHbI aieKBaTHbIE MOJETb-
HBIM HaTypHbIE paboThl. OMHAKO UX IPOBEIECHUE
00ECIICHUT PE3YJIBTAThI MOJIEJTH, KOTOPbIE CTAHYT
JyOJTUPYIOLITUMU 1, ECTECTBEHHO, MEHEE IIEHHBI-
MM IO CPABHEHUIO C PELIEHUSIMU, TIOTYYEHHBIMU
Ha HaTYpHOM MaTepuare.

Puuapn @eitnman B cBoeit HoGeneBckoit
JIEKIIUM OTMeYall, YTO «yraJablBaTh ypaBHe-
HUSI» — HaWIY4YIIUi Coco® MOACTYNMUThCS
K MOCTHKEHHIO 3aKOHOB B €111e HeM3BeTaHHBIX
obJactax hpusuku [6, 7].

Tupe B Tekcte. BoamodicHo, annpokcumayus
deiicmeus yeno2o psada caedcmeuil 3aK0H08
MAmepuanbHo20 MUpa HeKOmopbIMu UHmeepu-
DYIOUUMU MOOCAbHBIMU ONEPAUUAMU, NPUBOOSI-
WUMU K KOPPEKMHbIM HAOAI00aeMbiM dPpek -
mam, u 6ydem moti NymeeoOHOI HUMbIO, KOMO-
pas coeOuHum nepeoHauanbHoie epyovie 00pasvl
UHIICEHEPHOI MOOeaU C PeanbHOCmblo, a 6H0-
cnedcmeuy no3goaum KOHCmpyupogams 0onee
MOYHbIE CUMYAAYUU PUSUHECKUX U MEXHOA02U -
YeCKUX NPOUECCO8, NPOUCXOOAUUX HA JCeNe3HO-
0dOpONCHOT cCMaHUUU.
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PHYSICAL PROPERTIES OF OBJECTS OF 3D-STATION ENGINEERING MODEL

Golovnich, Alexander C., Belarusian State Transport University, Gomel, Belarus.

ABSTRACT

The article considers features and fundamental
difficulties of implementing 3D-station engineering
model. The analysis of methodological and situation-
al difficulties is focused on causes associated with
insufficient knowledge about nature of physical laws’

action and complexity of model reproduction of ef-
fects of interaction between objects of rolling stock
and railway track. Approaches to simulation of
physical and technological processes for construc-
tion of adequate real-world images are highlighted
to be further developed.

Keywords: railway, 3D-station, laws of physics, design, modeling, simulation, gravity forces, elastic

forces, friction forces, cumulative effect.

Background. Engineering three-dimensional
model of a train station imposes quite stringent require-
ments for a program simulation subsystem of physical
laws. It is assumed that the simulated state of various
station objects will depend on their properties changing
in time due to interaction with each other and with the
environment. For a complete engineering model not
only visual realism of the results of physical laws’ action
is fundamentally important, but also a sufficiently ac-
curate description of the whole system of direct and
indirect links that lead to observed cumulative effects is
of key importance. Moreover, to a number of require-
ments could be added program simulation of reasons,
causing physical laws’ action.

Objective. The objective of the author is to inves-
tigate optimal requirements to general physical
properties of objects of 3D-station engineering
model.

Methods. The author uses general scientific and
engineering methods, simulation, mathematical
analysis, evaluation approach.

Results.

Methodology and philosophy of modeling

Three-dimensional modeling is always fraught
with the solution of a number of challenges associ-
ated with imitation of forms and states of real objects.
Paying attention to the physics of processes and
making demands for accounting of model objects, we
consider overall problematics of real world’s techno-
logical renovation in its concrete simulation for trans-
portin the form of a space-time location of a function-
ing virtual railway station.

An ambitious attempt to recreate a copy of reality,
realistic in form and contents, runs into a lot of funda-
mental and prohibitively complex problems, the result
of judgment of which may be a logical conclusion: why
to create a copy, which will be obviously worse than
its original and for reproduction of which huge finan-
cial, technical and intellectual resources are required?
Moreover, a number of problems in this formulation
seem to be unsolvable because nature of physical
laws’ action remains unknown, and manifested effects
for the most part are the results of molecular and
other interactions, hidden from observation and which
are highly problematic to be reconstructed in the
model, while the accuracy of obtained modeling
process is difficult to be verified due to lack of ap-
propriate methodologies, etc.

Nevertheless, the problem of 3D-modeling in
such a system statement deserves attention; it is
worth talking seriously about it. Any problem is in
demand, if sufficiently convincing body of evidence is
given concerning the effectiveness of proposed ideas,
not in the distant future, but in the foreseeable near,
when research results will be seen by developers.

Tangible effect of information- physical model of a
railway station can be obtained actively using it in

practice of research, construction, reconstruction and
operation of transport infrastructure objects. Imagine
fora moment that such a model, fully adequate to real-
ity, exists. This means that it can be «launched» with
any initial state at any given time, it can be used to
assess the effectiveness of existing resources, to
predict failures of technical means, to efficiently plan
maintenance and repair work, significantly increasing
safety. The model image will be an essential compan-
ion of a real station, its shadow, pursuing for its proto-
type, but able to go into the future, to return to the past,
to illustrate alternative situations that may advance in
the near future, anticipating hazardous and border
states of objects through model detectors of a virtual
station. Useful signals from the model that goes by the
time one step ahead of the actual prototype will adjust
the operational work of the station operator robot,
tracking any negative manifestations of technical and
technological nature, previously «<seen» by the model.

This idyllic picture is not a product of boundless
imagination. Author realizes difficulties that stand on the
way of implementation of even the slightest trace of the
giant model of information and physical environment,
which will be able to reproduce the function of a real
prototype (train station) in such detail that the expert
(head of the station), «installed» in the world with the
help of appropriate electronic gadgets of virtual reality,
will not find much difference from the reality with which
he is confronted every day in his work.

Problem positions requiring solution as to how
obtain the expected product are many with a very wide
field of knowledge areas. In a long list of directions,
no doubt of debatable character, there are above all
general methodological questions that define ideo-
logical, philosophical spheres of three-dimensional
modeling, role and place of transport virtual models
in life of society, as well as a number of practical as-
pects [see, e.qg., 1] of direct relevance to the effective
implementation of full-scale three-dimensional im-
ages of railway stations.

Conditionally bringing the most common direc-
tions to the fore, it is possible to offer some ranked
sequence of ideological systems, to outline principle
positions of fundamental and applied scientific state-
ments and practical oriented problems in the con-
struction of 3D-stations models. In the field of view
should be:

—semiotically and semantically accurate description
of the subject, objectives and results of solving the
problem (for example, the formation of a realistic image
of station model objects with accurate recreation of
forms and imitation of the interaction with the environ-
ment appropriate to the action of the same natural and
technological processes via a real prototype);

— philosophical aspects of the construction of
transport systems’ functional prototypes, metric of
proximity assessment of their real and virtual images;
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Pic. 1. Simplified model of the car.

— influence of human factor on the operation of
three-dimensional models of the station;

— limitations of the model for computing re-
sources (the possibility of presenting the work’s
results in real time);

— structural and functional 3D-modeling as a
way of creating a «parallel world», e.g. «parallel
worlds» of virtual railway stations;

— verification and validation of three-dimensio-
nal model of the station, reproduction of specific
and general technical effects;

— features of friction mechanism when a defect
of interacting model objects occurs;

— technological requirements to the model in-
terpretation of three-dimensional station;

— the possibility of emergence of a correlation
of objects’ intermediate states as harmonics of their
interaction with the environment, reconstruction of
the events of indirect and mediated communication
of environment of objects of station’s 3D-model,
ranking external factors affecting them.

In all cases, the question remains: should the
virtual world be intelligent, to be the likeness of the
real? how might look like something like the Turing
test to compare real and virtual worlds? which
practical problems can be solved with virtual mod-
els of railway stations that were not identified as
such by experts on screening test? what is more
important for 3D-station — compliance with the laws
of physics or the execution of technological require-
ments?

Some other items are worth noticing:

— The mechanism of the timer of station’s 3D-
model;

— Borders of spatial location of 3D-station;

— The application scope of visualization as a
way of presenting the results of the calculation of
model objects’ states;

— Latent locations of 3D-model of the station
(the results of unobservable events in covered
warehouses, small drawdowns of subgrade, invis-
ible defects, and others.);

— Extraction of data from virtual sensors as a way
to obtain quasi-static information;

— The conditions of development of station’s 3D-
model as an adaptive system;

a)

— The peculiarities of functioning of program
reconstructor as the «builder» of the virtual world of
3D-station;

— Detection of developing defects of virtual ob-
jects.

Following marked ideas and approaches, there is
a reason to state that in an engineering model of 3D-
station it is possible to receive the states of objects,
adequate to corresponding states of real prototypes
not only in appearance, but also in content. This
means that such a model can help to take readings
of virtual sensors, to carry out the processing of sta-
tistical data and to provide results that can be identi-
fied with conventional full-scale studies, having fair
accuracy.

Simulating the action of physical laws on a
virtual car

Movement of cars along station tracks under the
influence of some force in a form of various traction
means, technological operations with cars on the
points of loading and unloading, technical operations
with rolling stock always lead to a change in the state
and (or) the position of various objects. Visually in the
model these changes are perceived as a virtual video
recording.

The peculiarity of the engineering model is not only
(and not so much) the natural appearance ofthe image,
butalso structural changes in model objects that occur
as a result of simulated processes. In this respect, it is
important to determine the degree of detailing, ac-
curacy in reproduction of changes and their adequacy
to reality. It should be noted that we are not talking
about simple approximation of all intermediate states
ofthe model object and the issuance of some resulting
structure obtained using a rule of thumb, «hardwired»
into the algorithm of the model and acting on the known
principle of modus ponens. The simulation should be
built in the image and likeness of a real station.

For example, if the model implements the train’s
movement along a station track due to traction force,
the physics of movement must necessarily be associ-
ated with the transformation of the rotational movement
of the wheel set in the car’s forward movement. And
the body of the model car with a fairly specific error
should repeat the prototype’s design, and rely on the
bogie through a thrust bearing with center pad, center
pivot and side bearing. Therefore, the design of car’s
running gear, shown in Pic. 1 on a «cube model» is to
a certain extent conditional and can be used primarily
for applications with presentation purposes.

This simplified scheme cannot give correct results
and provide modeling of objects’ states in solving a
number of technical and technological tasks as the
existing method of car’s motion is based on the inter-
action of many components (Pic. 2).

Pic. 2. The main elements of the car’s bogie:
a — general view: 1 — side frame; 2 — bolster; 3 — spring complex; 4 — center pad; 5 — side bearing; 6 — axle equipment;
b — axle equipment: 1 — axle neck of a wheel set; 2 — labyrinth ring; 3 — axle box body; 4 — roller bearings; 5 —mounting
washer; 6 —mounting lid with bolts and gaskets; 7 — inspection cover with bolts and washers.

® WORLD OF TRANSPORT AND TRANSPORTATION, Vol. 13, Iss. 4, pp. 24-34 (2015)

Golovnich, Alexander C. Physical Properties of Objects of 3D-Station Engineering Model



Each structural element of the car’s bogie has its
functional purpose (fasteners, lubrication, protection
against impurities and, in general —guaranteed
safety). Being completely assembled and moving this
unit contributes to the total resistance to movement.
Perhaps, for certain tasks approximation of the ele-
mental action of forces arising at different points in
the interaction of these elements and their replace-
ment by a total characteristic energy loss in the resis-
tance movement using a simplified model of the car
are acceptable. However, in general, it is necessary
to form a set (shown in Pic. 2b) of model elements
with the correct conjugation in the assembly and then
simulation of the interaction in dynamics. Circuit posi-
tions of Pic. 1 and 2 should be recognized boundary
in the field of variant model detailing defined for the
virtual station.

The author believes that in the future it will be
possible to prove mathematically a sufficient level of
detailing as the elemental composition of car design
and the degree of accuracy of physical laws’ simula-
tion and their consequences, depending on the ap-
plications.

For example, to demonstrate for educational
purposes the dissolution of cars from hump yard it is
advisable to use a three-dimensional model of the
station, based on a simple scheme of Pic. 1 with ap-
proximation of the actions of all forces in the form of
avector characteristic on the rigid body, what appears
to be a car.

Visually, this model is able to realistically represent
the dynamics of the movement with a demonstration
of rolling process from the hump yard and the effects
of the collision of cars in under-hump yard park. On
the other hand, the study of problems of interaction
between wheel and rail will require from a station’s
virtual image precision of model reconstruction of
running gear of rolling stock, permanent way and
substructure of railway track as well as a fairly accurate
simulation of the physical laws of friction, momentum
and energy conservation.

Simulating the action of physical laws on a
virtual track

Railway track in the engineering model represents
the car’s route, providing a change of direction in
curves and switches. In the latter case a position of
model tongues determining the movement along di-
rect or side track becomes important. As an object of
simulation, it is a complex engineering structure, in-
cluding permanent way and substructure. Substruc-
ture is a set of devices of railway bed and artificial
structures. Permanent way is a layer of ballast, sleep-
ers and switch ties, rails and rail fasteners. Because
of the considerable elemental composition there can
be various ways of its approximation ( Pic. 3).

The simplest image of a track is two rails of
I-section on sleepers, which, in turn, rely on roadbed
(see Pic. 3a). The functionality of this model image is
minimum and provides an extremely visual represen-
tation of the direction of cars’ motion, including
transition to adjacent tracks on switches. Some of the
compounds fix the connection of rail and sleepers,
excluding their movement in relation to each other,
but it does not take into account emerging stresses
in the passage of loaded rolling stock at great speeds.
Moreover, in this model there are no similar loads,
and hence there is no need to take them into account,
which allows simplifying the model.

Options Pic. 3b, cillustrate the elemental content
of the model, approximate to a real prototype. The
complexity of the structural content of the real railway

Pic. 3. Options for the model reconstruction of the
railway track on the subgrade: a — conventional
image; b — elements of roadbed: 1 — drainage
ditch; 2 — berm; 3 — subgrade; 4 — ballast section;

5 - railway slope; c — elements of the permanent way:
1 — latch with bolts; 2 — baseplate; 3 — terminal of rail
mounting; 4 — spring terminal; 5 — anticreep device;
6 — pressure plate; 7 — insulator bush.

track is dictated primarily by traffic safety require-
ments.

For correct reproduction of efforts and reactions
in a model track it is necessary with a high degree of
certainty to fix them at specific points for possible
extraction of loads by virtual sensors in solving various
research tasks. For such purposes it is extremely
important to accurately determine output characte-
ristics of the state of the model track as a conse-
quence of physical laws’ action.

Objective reasons for limited accuracy of
simulation

Since the nature of physical laws’ action is insuf-
ficiently understood, it is difficult to ensure the ac-
curacy of their reproduction in the engineering
model because of the lack of reliable methods of
verification. Also it is found that the existing software
of physical laws’ simulation are built on binding to the
model objects of defined material properties, due to
which the simulation of bodies begin to behave as
being in a model field of pseudo-gravity. Model objects
interact with each other, as if they were in a certain
field, the effect of which is the same to its visual as-
sessments of impact of the real field of gravitational-
inertial forces.

If, for example, in the modeling world of the envi-
ronment Unity 3D we introduce a new object, then in
rendering it remains static and will not interact with
existing objects until certain properties (mass, elastic-
ity, etc.) are designated. In the absence of the sup-
porting surface model objects, determined by the
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property RigidBody with active Gravity, fallto nowhere,
as if they felt the pull from some distant gigantic
masses. In the real world, any new object(say, a train
arriving at the station from a haul) immediately gets
into the field of action of natural forces.

Engineering model of the station should provide
simulation of bodies’ behavior in not only a gravita-
tional field, but also taking into account the forces of
elasticity and friction. Existing theories refer to them as
to the consequences of manifestation of electromag-
netic forces resulting from the interaction of charged
particles of atoms and molecules of objects. The
elastic forces’ influence leads to a change in the shape
and size of bodies. Thus, for example, elastic forces
occur in elements of spring suspension of cars that are
absorbers of oscillations and shocks transmitted from
wheels to the body. In the real world while driving wheel
set can suffer accelerations of up to 25 g. Therefore,
the compensator limits the negative impact of shock
variable loads from the wheel set on rolling stock struc-
tural elements, ensures the safety of freight and pas-
senger comfort. However, high complexity of program
implementation of the action of elasticity forces in the
station’s engineering model is expected, but it is algo-
rithmic and graphic simulation of the behavior of cars’
spring suspension under load that is important in tasks
of studying the interaction of wheel and rail.

Friction force that occurs in the contact zone of
wheel and rail [see, e.g., 2-5], is proportional to nor-
mal pressure, perpendicular to the surface of bodies
in contact. Various methods for evaluating contact
stress (Hertz problem solution, modeling contact with
the elastic Winkler foundation, the selection of the
intermediate layer in the contact area in the form of a
mixture of iron oxide and wear products) with different
accuracy allows to simulate real processes. There are
longitudinal and transverse friction and spin (wheel
sliding). The complex and poorly understood process
of longitudinal friction occurring during braking of
cars, and of cross-friction during curve negotiation
are very important in the study of the causes of rails’
increased wear, additional costs of electricity and fuel
for driving a train, track displacement in longitudinal
and transverse directions. Simulation of the conse-
quences of friction forces’ action will no doubt con-
tribute to the effective solution of these problems.
However, the main problem is to determine the degree
of reliability of model simulations of elastic forces and
friction, physical nature of which is still unclear.

Perhaps there is a way to create an information
image of the space with material world’s properties,
which could be regarded as a valid prototyping of a
physical basis for existing and changing states of
model objects. The author believes that in the future
itwill be possible to get an answer just about sufficient
(or insufficient) adequacy of the principle of physical
laws’ action simulation as manifesting properties of
objects and vector effects of the gravitational field of
the real world, as of a kind of consequence of curved
space. And for high-quality solutions of applications
on similar engineering models, this approach will not
be reflected in the results obtained, verified reliably
by control full-scale surveys.

The main thing is to fix with certain quantitative
criteria elemental composition of the model objects

of rolling stock and track, as well as to reproduce
recorded results of their interaction, which together
provide a sufficient overlap of observed effects of the
model and reality. The peculiarity of this formulation
of the problem is that in the development of such an
engineering model there are no reliable methods of
results’ verification. We need full-scale works ade-
quate to the model. However, their conducting will
devalue the results obtained therough the model it-
self, that will become redundant and, of course, less
valuable compared with the solutions obtained in the
full-scale material.

Conclusion. Richard Feynman in his Nobel lec-
ture, noted that «... equation guessing might be the
best method to proceed to obtain the laws for the part
of physics which is presently unknown» [6, 7]. Perhaps
the approximation of the action of a number of con-
sequences of the laws of the material world by some
integrating modeling operations leading to correct
observed effects will be the one guiding thread, which
connects original rough images of the engineering
model with reality, and then allows to construct more
accurate simulations of physical and engineering
processes occurring at the railway station.
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