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AnHoTanusa

ITo cpaBHEHHMIO CO CKAJAPHBIMU MOJISAIMHU (TeMIIEpAaTypoO, IIOTHOCTBIO, /IaBJIEHMEM U
ZIp.) ¥ BEKTOPHBIMU MOJIIMU (BEKTOPOM CKOPOCTH, BEKTOPOM IepeMeIleHN), MPUHITUIEI 3D
BU3yaIN3AlMU KOTOPBIX XOPOIIIO pa3paboTaHbl B HACTOAIIEE BPEeMs, METO/[bI BU3yaIU3aIuU
1oJied TEH30POB 2-TO PaHTa IPAaKTUYECKU OTCYTCTBYIOT. II03TOMYy /1711 OCHOBHOTO TEH30Da,
XapaKTepHU3YIOIero Haps>KEHHOe COCTOSTHHE B TBEPABIX TejlaX — TeH30pa HanpsmkeHui Ko-
I, B HACTOsAIIEe BpeMs MPUMEHSAIOTCA B OCHOBHOM ITOKOMIIOHEHTHAsI BU3yaIn3alus, Kak
Habopa CKIAPHBIX MOJIe WM CUMBOJIbHAA 2D BuU3yasu3anus, B KOTOPOU KaKABINA TEH30D
paccMaTpuBaeTcs B BUJe djUIHIIca. B Hacrodlell paboTe npeicTaBieHbl pe3yJbTaThl pa3pa-
OOTKH HOBOTO METO/la BHU3yaJIM3ally TEH30PHBIX MOJIeH, KaK B ABYMEPHOM, TaK U B TPeX-
MepHOM IIPOCTPAHCTBE, KOTOPOE UCIOJIb3YyeT TaK Ha3blBaeMOe TreOMeTpruUecKoe IIpeficTaBie-
HUS TEH30POB 2-TO PAaHra, B BUJE YIIOPAAOUEHHOU COBOKYITHOCTU 4 WIN 6 BEKTOPOB, COOT-
BETCTBEHHO. VJiest ¥ TeopeTHUecKasi OCHOBA MeTo/ia ObLTu paHee npeayioxkeHsl 0.1, Tlumurt-
puenko. IlpencraBieHbl pe3ysibTaThl Pa3pabOTKH CIENHATU3UPOBAHHOTO IMPOTPAMMHOTO
MmoxyJia TensorView, KOTOpBIN I03BOJIsI€T BU3YAJIM3UPOBATh TEH30PHBIE II0JIA C UCII0JIb30Ba-
HUEM TeoMeTpPUUYECKOTO IIpeJicTaBjeHUsA TeH30poB. IIpeacraBiieHbl mpHUMephl UCIIOJIb30Ba-
HUS BU3yaJIH3allid TEH30DHBIX TMOJIe B 3aZlade O MOJIeJINPOBAHUM HAIIPSKEHHO-
71eOPMHUPOBAHHOTO COCTOSIHHSA 3JIEMEHTOB AaBUAIMOHHBIX KOHCTPYKIUH. IIpeasoskeHHBIN
IMPUHINITHAIBHO HOBBIN METO/T BU3YIN3AIINU TEH30PHBIX MOJIEH MTO3BOJISAET AATh MIPEJICTaB-
JIEHHE O TEH30paX, KaK O IeJbHBIX HHBAPUAHTHBIX 00BbEKTaX, 00001as MpU 3TOM XOPOIIIO
M3BECTHBIE IIPE/CTaBIEHU O BEKTOPHBIX MOJISAX B TPEXMEPHOM IIPOCTPAHCTBE.

KiroueBbie ciioBa: TE€H30pP, TEH30PHOE I10JIe, TEOMETPUYECKOE IIPpEACTaBJIEHUE TEH30-
POB, Bu3yajin3aliuid TEH30PHBIX IMOJIe.

CJIOKHOCTEM, B TOM YHCJIE U y HAaYHHAIO-
1. BBeneHue mMuX OOy4YeHHe CTY/IEHTOB, W, HAao0OpOT,
SABJISIETCS TPUBJIEKATEIbHBIM, OJsiaromapsi
KOMITAKTHOCTH (OZUH CHMBOJI COOTBET-
CTBYET 1IeJIOMy HabOpYy CKaJIIPHBIX KOMIIO-
HEHTHBIX COOTHOIIEHHH), HaIVISIITHOCTH
(oTcyTCcTBUE SIBHO BBIITUCAHHBIX HWHEKCOB
He 3aTeHsAeT (PU3UYECKOU CYyTH COOTHOIIIe-
HUU) U ONpefeIeHHON 3CTETUYECKOU HpHU-
BJIEKATEJIPHOCTH, YTO HE MaJI0 Ba’KHO KaK
JUIsT OOydJaromuXcsi CTY/IEHTOB, TaK U JJIA
"MpOABUHYTHIX MOJIb30BaTeIeN" TEH30PHO-
IO UCUHCJICHHUA.
JIsis1 BU3yasin3allud CKaJIAPHBIX ITOJIEH,
TaKUX KaK TEMIIEpaTypa, IIOTHOCTH, JaB-
JIEHHWE U JIPYTUX, BOSHUKAIOIINX B PE3yJIb-

TeH30pbI BTOPOTO paHra IIMPOKO IPH-
MEHSIOTCS B Pa3/IMYHBIX pasjiesiaX Mare-
MaTUKU, MEXaHUKH, GU3UKU, THHOPMATU-
KU U IPYTUX HayK. B MexaHUKe U 3JIeKTPO-
JINTHAMHKE CIUIOIIHBIX CpeJ] YHUBEPCAJIb-
Hbl€ 3aKOHBI COXPAHEHUsS W OIPEEsIO-
II[€ COOTHOIIEHUS ]I CIUIONIHBIX CpeJ
II0 CBOEHM CyTH HUMEIOT TEH30pHBIN Xapak-
Tep, U ux (opMasibHas 3aIKch HauboJiee
KOMIIAKTHO OCYIIECTBJIIETCS C ITOMOIIIBIO
omeparui ¥ CHMBOJIOB TEH30PHOTO HCYHC-
snenus [1]. Camo omepupoBaHUE C TEH30-
paMu M TEH30PHBIMHU IOJIIMU IIPU OIIpe-
JIeJIEHHBIX HaBBIKAX HE BBI3BBIBAET OCOOBIX
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TaTe pellleHNs Ha4aJbHO-KPaeBhIX 3a7]a4u B
MexaHUKe U (Uu3UKe, B MOJABJIAIOIEM
OOJIBIITMHCTBE CJIyYa€eB UCIIOJIb3YIOT IIBETO-
Boe u300pakeHHe ITOBEPXHOCTU Teja, B
KOTOPOM 33/IaHO II0JIe, WU CEeUeHHs IIO-
BEPXHOCTH TeJIa. YCTaHABJIUBAETCA IIKaJa
COOTBETCTBUSA MEXJy B3HAYEHUSIMHU CKa-
JIAPDHOTO TOJIA U 1Bera. IIporpamMMHBIX
CP€JICTB, KOTOPBIE MO3BOJIAIOT BU3YaIU3U-
pOBaTh IMOMOOHBIM 00pa30M CKaJISPHBIE
IOJIsI, B HACTOSAIIEE BpPEMS CYIIECTBYET
OYeHb MHOTO KaK KOMMEPUYECKHUX [2], Tak 1
CcBOOOHO-pacIpocTpaHsaeMblx [3] u aB-
TOPCKUX [4-6].

i BU3yasM3alid BEKTOPHBIX IOJIEH,
TaKUX KaK I10JIe BEKTOPA CKOPOCTU U BEK-
TOpa IlepeMelleHNuid TOo4YeK Tesa, Cyle-
CTBYeT 2 OCHOBHBIX CIIOcO0a BH3yaIu3a-
I[UU: C TOMOIIpI0 3D Bu3yanu3anuu OT-
ZIeJIbHBIX KOMIIOHEHT BEKTOPOB KakK CKa-
JIIPHBIX TOJIEd aHAJIOTUYHO OOBIYHBIM
CKUIAPHBIM IIOJIAM, WJIU K€ C IOMOIIBIO
BHU3yaJIN3allMH BEKTOPOB KaK reoMeTpuye-
CKUX OOBEKTOB — HAIPaBJIEHHBIX OTpPE3-
KOB. BTopoii cioco6 obsiasaeT SKOHOMUY-
HOCTBIO: /IS BU3YyaJIN3allU BEKTOpA B 3-X
MEpPHOM ITPOCTPAHCTBE TpeOyeTcs TOJIBKO
omHo 3D wus3o0OpakeHme BMECTO 3-X OT-
JIeJIbHBIX TIPU TTOKOMIIOHEHTHOM CKaJIsp-
HOM Buyasmszanuu. Kpome Toro, reomer-
puueckoe mpexacraBieHue Bekropa (I'TIB)
JlaeT TIpeJiCTaBJIeHHE O BEKTOpe, Kak 00
VHBApUAHTHOM I[€JIbHOM OOBEKTe, Kak
€IUHOU CYIITHOCTH, B OTJIMUHE OT CKaJIAp-
HOT'O IIOKOMIIOHEHTHOTO Ipe/CTaBJIeHN ],
KOTOpO€ 3aBUCUT OT 06a3uca, B KOTOPOM
BBHIODAaHbI KOMIIOHEHTBHI BeKTOopa. boJib-
IITMHCTBO KOMMeEPUECKUX U CBOOOJIHO pac-
MIPOCTPAHSEMbBIX MPOTPAMMHBIX CPEJICTB
3D Bu3yanu3anuu Mo3BOJISET PEeATN30BbI-
BaTh I'TIB py1a BU3yanmusanuu BEKTOPHBIX
osieu.

JI1s BU3yasin3aliui 1MoJiel TeH30pa 2-T0
paHra, HampuMep, IOJs CHMMETPUIHOTO
TeH30pa HaNpPsIKEHUH, KOTOpOe UrpaeT
BOKHEUIIYIO POJIb JJIf OLIEHKU IIPOYHOCTU
KOHCTPYKIIUM, B HaCTOsIlee BpeMs IpHU-
MEHSIOT B IOJABJISIONIEM OOJIBIIIMTHCTBE
TOJIBKO TIOKOMIIOHEHTHBIN CITOCO0, TIPU KO-
TOPOM TeHepupywTcs 6 ckaasapHbIXx 3D
n300paKeHUU  OTJIeJIbHBIX ~ KOMIIOHEHT
TeH30pa HampspkeHuil. Takoit crocob He
JlaeT BO3MOXKHOCTH IIOJIYYUTh IIPE/ICTaB-

JleHHe O TeH30pe HampsKeHUH Kak o
1eJIbHOM 00bekTe. B reodusrke mpumeHs-
eTcs criocob Busyanusanuu 2D mosielt TeH-
30pa HamNpsKeHUH, MpU KOTOPOM B KaXK-
JIOW TOUKe TEeH30p 2 —I'0 paHra IMpeCcTaB-
JseTca B BUAe symncouza [7,8]. ror
criocod HeAOCTaTOUYHO WH(POPMATHBEH,
IUIOXO MEPEHOCUTCS Ha CIydal 3-X MepHO-
ro IPOCTPAHCTBA U SABJISETCSA TOJIBKO HJI-
JIIOCTPATUBHBIM, a HE CTPOTUM T'€OMeTpU-
YyecKUM 00pa3oM TEH30POB 2-TO PAHTa, IO-
I00HO TOMY, KaK HalpaBJIEHHbIE OTPE3KH
00pa3yloT MHOXECTBO T'€OMETPUUYECKUX
BEKTOPOB, CTPOTO IOJUUHSAIONIUXCA aKCHU-
OMaTHKe BEKTOPHOT'O IIPOCTPAHCTBA.

B nacrosmeit paboTe mpecTaBIeHbI pe-
3yJIBTaThl Pa3pabOTKU HOBOTO METO/a BU-
3yayin3any TEH30PHBIX MOJIeN, KaK B JIBY-
MEPHOM, TaK M B TPEXMEPHOM IIPOCTPaH-
CTBe, KOTOPBIM HCIIOJIb3YET TaK Ha3bIBae-
MO€ TeoOMeTPpUYecKoe MpejcTaBJIeHue TeH-
30poB (I'TIT) 2-ro panra. I'TIT mpexncras-
JisieT cOOOM YIIOPsAAOUEHHYIO COBOKYITHOCTD
4 win 6 BEKTOPOB — B JIBYMEPHOM U TpeX-
MEPHOM CJIydae, COOTBETCTBEHHO, JIJIsA KO-
TOPON MOKHO BBECTH OIlepariuu, 06001a-
IoIIye JIENCTBUsA ¢ BeKTopamu [9,10]. I'TIT
TIOJTHOCTBIO COOTBETCTBYET (HOPMATbHOMY
asireOpanuyecKoMy OIIpEeJIeJIEHHUI0 TEH30pa,
KaK KJjlacca 3KBUBAJIEHTHOCTH BEKTOPHBIX
HaOOpOB 3aJlaHHOMN AJUHBI [10]. Uges u
TeopeTHUecKasi OCHOBa MeTo/1a ObLia paHee
npeanokena 0.1, [lumutpueHko [9].

JI71s TIOBBIIIEHUST HATJIATHOCTA T€OMET-
pUUYECKOTO U300pa’keHUs TEH30POB U OC-
HOBHBIX OIlepalliii ¢ HUMH, a TaKXKe JJIA
BU3yaJIU3allud Pe3yJIbTaTOB HAYYHBIX HC-
CJIEIOBAaHUN, B KOTOPBIX INPUMEHSIOTCSA
TEH30pHbBIE TI0JIfI, HAI[pUMep, Pe3yJIbTaTOB
pacueToB HATPsKEHHO-
e OPMUPOBAHHOTO COCTOSTHUS WHXKEHEP-
HBIX KOHCTPYKIIM{, aBTOpPaMH JaHHOU
MyOJTUKAIUU OB MpeJJIoMKeH U pa3pado-
TaH CIENUATBHBIA MPOTPAaMMHBIN MOIYJIb
TensorView, KOTOpBIH IO3BOJIAET B aBTO-
MaTU3UPOBAaHHOM peXXHMe CTPOUTH Teo-
MeTpuYecKoe H300pa’keHUusl TEH30POB U
OCHOBHBIX OIlEpaIliil ¢ HUMH, a TaKKe
U300pakeHus TEH30PHBIX IOJIed (TeH30-
POB Hampsi>KeHUH, nedopManuii U JApPyrux
TOJIeN), KOTOpbIE SIBJISAIOTCS, HAIpUMeED,
pe3yJIbTaTOM YHCJIEHHOTO pacyeTa 3a/1a4
MEXaHUKU CIJIOIITHOM Cpe/ibl.



JlaaHasa myOsuKamus ITOCBSIIIIEHA OITH-
CaHUI0 Pa3pabOTKH MPOTPAMMHOTO MOJTY-
s1s1 TensorView 1 ero 0CHOBHBIM (QyHKIIHO-
HAJIbHBIM BO3MOXKHOCTSIM.

2, Ha3zHnaueHnue po-
IPAaMMHOTIO MOAYJ/IA
TensorView

[IporpamMHubIi  Moxysb TensorView
(pucyHOK 1) TIpe/iHa3HAYEH JJIs BBITIOJIHE-
HUS CJIEZIYIOIIHX OIlepaIiiii:

e KOMIIPIOTEDHOU BU3YyaJIM3aI[UU TEH30-
POB 2-TO paHTa B 3-X MEPHOM €BKJIH/IO-
BOM IIPOCTPAHCTBE, C UCIOJIHb30BAHUEM
I'TIT;

e BH3yaJU3alMd OCHOBHBIX ajrebpanye-
CKHX OIEepaIUil ¢ TEeH30paMH 2-TO paH-
ra (CJIoKeHWsI, YMHOXKEHUsI HAa YHCIIO,
CKISIPDHOTO YMHOXXEHWSI TEH30POB U
BEKTOPOB H JIP.);

e BHU3yaJIU3allUUd TEH30DHBIX IOJIEH, SIB-
JISIONIUXCS  pe3yJIbTaTaMU  PeIleHUst
3a/1a4  MeEXaHUKU /1edhOpPMUPYEMOTO

5] TensorView

TBEPAOTO Te/Ia U MEXaHUKHU }I(I/IZLKOCTGIZ
u ra3oB i QJIEKTPOAUHAMUKHA
CIUIOIIHBIX Cpe€a WJIN APYrux 3ajaad, B
KOTOPBIX IIpDHUMEHAIOTCA TEH3O0PHbIE

TIOJIA.
[TporpammubIi Moayab TensorView uc-
nmoyp3yer  rpaduyeckue — OUOIMOTEKH

OpenGL u qt, BeryucauTesIpbHass 4acTb MO-
nysasa HanucaHa Ha C++. B kauectBe BXOjI-
HBIX JIaHHBIX TensorView HCIIOJIb3yeT TeK-
CTOBBIN (OopMaT JAHHBIX, KOTOpHIE IIPEJ-
CTaBJIEHBI B TPAJAUIIMOHHOM JIJIsI KOHEYHO-
BJIEMEHTHBIX pelaresiell BUe - CIIUCKaMU:
KOOpPZUHATHI y3Jia CEeTKU, 3HaUeHUsA KOoop-
JUHAT BEKTOPOB, 0Opasyomux TeH3op. Ta-
Kou popMaT JaHHBIX O3BOJIAET JIETKO UH-
TErpUpOBATh MOJIyJIb TensorView B j1000i1
BBIUNC/IUTEJIPHBIA KOMIUIEKC. B Hacros-
mee BpeMs MOJysab TensorView HCIOJb-
3yeTcsi pa3pabOTUNKOM IS JIEMOHCTPAIU-
OHHBIX U OOpa3oBaTesbHBIX mLenen. [lna-
HHUpyeTcsA pa3dpaboTka Bepcuu TensorView
KaK Web-npuitoxxeHus.
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Pucynox 1. ['1aBHOE OKHO TporpaMMHOTO MoAyJsA TensorView

3. 'eomerpuueckoe omnpe-
AeJieHHue TeH30pa BTOpPOro
pPaHra u ero BU3yajau3anua
c nomo1bio TensorView

B pab6ote [9] BepBbIe OBLIO TPEIOKE-
HO TeOMETPHYECKOe OIpe/ieJIeHe TEH30pa
2-r0 paHra, KOTOpOEe TO3BOJISIET JaTh
HAIJIA/THOE TEOMETPUYECKOE IIPEJICTaBIIe-
HUEe TeH30pa, M0/I0OHO BEKTOPY B 3-X Mep-
HOM €BKJINJIOBOM mpocTpaHcTBe E3, Kak
HaIlPaBJIEHHOMY OTPE3KY.

Haubosiee pocToil BapuaHT TeOMeTpH-
YECKOTO OIpe/ieJIeHUsI TeH30pa BTOPOTO

panra B E3, cornacHo [10], moxeT cdop-
MYJIIPOBAH CJIEYIOIIUM 00pa3oM.
PaccMoTpum  3-X MeEpHOE €BKJIHJIOBO
MPOCTPAHCTBO 3JIEMEHTAPHOE TE€OMETPUH
E3, B KOTOpOM aKCHOMAaTUYECKU BBEJI€HBI
TaKue reoMeTpUUECKUe MOHATUA KaK: TOU-
Ka, mpsAMasi, IJI0CKOCTh, OTPE3OK, PaCCTOs-
HHEe MEXIY TOYKaMH, yTOJ MEXKIY MPSAMBbI-
MH U Jp. DTO MPOCTPAHCTBO U3YyJaeTCA B
BJIEMEHTApHOH MaTeMaTuke (3yieMeHTap-
HOU TeOMeTPHUM) U KJIACCUUYECKOM Kypce
aHAJIUTUYECKOU reoOMeTpUH, a B Kypce JIU-
HeWHOU anrebpbl OHO OOBIYHO HCIOJIB3Y-
eTcsA KaK HaIJIAAHBIN mpuMep o0Iero ab-
CTPAKTHOTO €BKJINIOBOTO IIPOCTPAHCTBA
(TO4eyHO-eBKINU/IOBA), B KOTOPOM MO3KHO



BU3yaJIN3UPOBAaTh OCHOBHBIE ajrebpauye-
CKUe MOHATHSA, B YaCTHOCTU, aOCTPaKTHOE
MOHATHE BEKTOpPA - KaK HaINpPaBJIEHHOIO

a,b,ceE
oTpes3ka. Bektoppr '’ 3 TaKxKe SAB-

JISTIOTCS DJIEMEHTaMH 3-X MEPHOTO €BKJIH-
JI0Ba MPOCTPaHCTBA E, .

Tensopom 2-ro paHra Ts IIPOCTPaH-
ctBe E3, corytacHO [10], HA3bIBAIOT YIIOPSI-
JIOYEHHYIO COBOKYITHOCTb 6 BEKTOPOB (BeK-

1 2 3
TOPHBIA HabO0P) a,b’,a,,b%3;,b" cE, ¢
o0IIMM HaYaJIoM, BMECTE CO BCEMU DKBU-
BAJIEHTHBIMU €My BEKTOPHBIMU HabopaMu.

-
5| TensorView

BexTopsl b" _ naspisator paBbIMy, a °
JIEBBIMU.

[Iporpammublii  Mozysnb  TensorView
M03BOJISET BU3YyJIM3UPOBATh TEH30D, BBE-
JEHHBIH C MOMOIIBIO JAHHOTO OIpeiesie-

b' , &
HHUs (PHCYHOK 2): BEKTOPBI u ' - pac-
KpaIlllUBAIOTCSI PA3JUYHBIMU I[BETAMU U

al’ a2’a3 - Hﬂ(bpa_

nudpamu

HYMEPYIOTCA: BEKTOPBI
b',b?b*
MU 1,3,5 BEKTOPBI I
2,4,6.

®aiin | 3aganme Tensopos | Onepaumn ¢ Tensopamu  OtoBpasenne  Cnpaska

3apate nepebiii ¢ Beectn matpuuy

3agate BTOpOH  * 3arpy=uTb us daiina

3apate none r T

PucyHok 2. 'eomeTpuueckoe pezicTaBjaeHNe TeEH30pa 2-T0 paHra (0T/eIbHOTO MIpeJCTa-
BUTEJIA TEH30pa) B MporpaMMHOM MojyJie TensorView, kak yrmopsi;Io4eHHON COBOKYITHOCTU 6
BEKTOPOB

O6o3HauaeTcs TEH30p | OHUM M3 3-X
CJIEAYIOIIHX CIIOCOOOB

T=[ab'a,b’ap’]=[ab']=a ®b (1)

CkoOku [ ] B (1) yka3pIBalOT Ha TO, YTO
TEH30p 5TO WMEHHO MHOKECTBO BEKTOP-
HBIX HAOOpPOB, SKBUBAJIEHTHBIX JAHHOMY

b'a,b’a.b’
a0 8,078, , KoTopoe oOpasyeT KJiacC K-
BUBasIeHTHOCTH [10], a ® - mmpoko uc-
II0JIb3YEMBI 3HAK TEH30PHOTO YMHOXKeE-
HUS.

1 2 3
BextopHbIii HabOp aba,b’a;b COCTOUT

b* a,b® ab’
U3 3 IIap BEKTOpPOB & , 2,737 . Hc-
[I0JIb30BAHHOE B OIpeJleJIEeHUN IOHATHE
SKBUBAJIEHTHOCTU 2-X BEKTOPHBIX HAOOPOB

(PKBHBAJIEHTHOCTh O0OO3HAUYaeTcsA 3HAKOM
~), 0O3HAYaeT, UTO y 3TUX HAOOPOB HMeeT-
cs1 XOTsA ObI OJIMH U3 3-X CAEAYIOIUX IIPH-
3HAKOB:

a) KaKue-TO U3 I1ap BEKTOPOB MEHSIOT-
cs1 MECTaMU, HallPUMep:

ab'ab’a b’ ~ab’ab’ab' (2)

0) BHOCHTCA OJIHOBPEMEHHO UHCIOBOU
1

MHOZKHTEJIb S K JIEBBIM U MHOXKHUTEJb S K
IIpaBbIM BEKTOpaM:

a,b'a,b’ab’® ~ (sal)(% bl)(saz)(% bz)(saa)(% b%)

(3)



B) €CJIM Y OAHON U3 Iap ecTh HyJIeBOU
BEKTOpP, TO 3Ty Mapy MOKHO 3aMEHUTHh Ha
JIIOOYIO JIPYTYI0 TaK:Ke C HyJIEBBIM BEKTO-

pOM, HAIIpUMEDP 2,05, 0B,
a,0a,b’a,b® ~ Ob'a,b’ab’ @)

Mo>xHO 10Ka3aTh [10], 4TO BBeJeHHbIE
IIpU3HAKN SKBUBaJIEHTHOCTH (2)-(4) obec-
IIEYNBAIOT BBITIOJTHEHHUE CJIEIYIOIIETO BasK-
HOI'O CBOKICTBA TEH30pa — IIEPEHECEHHE
MaTpPHUIBI TpeoOpa30BaHMsA OT JIEBBIX BEK-
TOPOB K IIPaBbIM 1 HA000POT

T:ai®(Qijdj):(aiQij)®dj (5)

4. 3ajaHue TeH30pa B IpOrpamMm-
HOM MoxayJie TensorView

YT0o6Bl BU3YaTIM3UPOBATh TEH30P 2-TO
paHra, HeoOXOJJUMO CHayaja ero 33JlaTh
(creHepupoBaTh). ATO MOXKHO C/EJNATh 2
criocob6amMu: ¢ MOMOIINBIO0 33J]JaHUsA 3-X Hap

a. ph
BEKTOPOB ',b WiIn C IIOMOIIbIO 3aJaHUA

ij
KOMIIOHEHT TeH30pa | B OPTOHOPMHPO-

e.
BaHHOM JIeKapTOBOM Oa3uce /.
B mepBom crocobe 3afaioTcsi 3 Taphl

a ph
BEKTOPOB ',b ¢ OOIIMM HayaJIOM, KaxK-
JIBINl U3 BEKTOPOB 337]aeTCs CBOMMHU KOM-
IIOHEHTAaMHU B (PUKCUPOBAHHOM OPTOHOP-

MHPOBAHHOM basuce e, =(10,0) ,

e,=(0,1,0) e, = (0,0,1):

a; =Ale, " b' =Ble, ©)

Takum obpa3om, B 3TOM cIiocobe 3ama-
Hue TeHzopa T (1) ocyIecTBIsAETCA BBOJIOM

j
3HAYEHUH KOMIIOHEHT 2-X MaTpPHII A u
ij
B (puc.3), 3amamIuX 3 JEBBIX BEKTOpPA

a. b'
' 3 IIpaBbIX BEKTOPa .
Bo BTOPOM criocobe HEIIOCPEACTBEHHO

]
3a1a€TCA MaTpHIia T KOMIIOHEHT TeH30pa

€. o
T B equuuyHoM 6Oasuce 1. Ilo aToy mar-

ij
purle | BBIYHCIIAIOTCA JIEBBIE U IIPABbIE
BEKTOPBI TEH30pa

_ i: Ij
a=e =T

KOTOpbI€ IIO3BOJIAKOT BHU3YaAJIN3HUPOBATDH

_ i
TEH30p T=3®b . OueBUZIHO, YTO MOKHO
MIOCTPOUTH U JIPYTOTO IIPEeJICTABUTENS TeH-
30pa C TaKUM BEKTOPHBIM HaboOpoMm

a,=5,T%; _ b'=d", )

1
, Tae 5, ik - cuM-
BoJibl Kponekepa.
®opmysel (1) u (7) AAIOT XOpOIIO H3-
BECTHYIO 3allUCh TEH30pa - PA3JIOKEHHE I10

e ®e.
auagHoOMy Oazucy ' ):

_Tii
T=T" ®ej. (8)

AnasiormyHo B mporpamMme TensorView
3a/1aeTcsl ele OJMH TEH30p IpPH BBIOOpE
BKJIaZIKU «BTOpo# TeH30p», YTO HEOOXO-
MO JIJIs1 BUBYaTU3AI[UU OIlE€paI[iii C TeH-
30paMH.



| TensorView . |:| =] 2|
®aiin
rEI 3apanne GasnCHBIX BEKTOPOE |—I—J@ &1 'ﬂ 3agaHue MaTpULbl KOMMOHEHT |_I—J@ i?—‘
Bektopl i1 0 0 0 0
Bektop2 0 1 0 20 .;0 0
Bextop3 0 [t} 1 30 0 0
Cancel r——
) |
2
1 1
Pucynok 3 3azjanue TeH30pa B IporpaMMHOM MozyJie TensorView
B JIeACTBUTEBHO, TTOCKOJIBKY % Gasuc,
o . udyajindanusa B TO, pasjarasg II0 3ToMy 0a3uCy BEKTOPBI
TensorView OCHOBHBIX a=Qlc .
o ! '), TIoJIydaeM, C YYE€TOM CBOMCTBa
onepammnmu C TEH30paMHu (5)

BTOPOTO paHra

a) Haxo:kaeHue m BHU3yaJIH-
3anmus IpeACTaBUTEsI TEH30pa
B HOBOM 0asuce

ITockobKy TEH30p — 3TO KJIAacC SKBU-
BAJIGHTHOCTU BEKTOPHBIX HAOOPOB, TO €CTh
(pakTHUecKr KOHTHUHYaJIbHOE MHOKECTBO
BEKTOPHBIX HAOOPOB, TO BU3yaJTU3UPOBATh
BECh TEH30P KaK OOBEKT — HE IIPEJICTABIIA-
eTcs BO3MOXKHBIM. Busyanusupyercsa He
caM TEH30p, a TOJIBKO KaKOU-Iubo ero
npejcTaBUTeNb. BaskHOU 3a/1auell sABJISAET-
cs TIEPEXO/T OT OJTHOTO MPeCTaBUTEIIA TeH-

30pa K IpyroMy.
B Kax0M BeKTOpHOM 6asuce & © Es y

_ i
TeH30pa T=3®b €CTh €IWHCTBEHHBIN
IIpe/ICTaBUTEIIb TeH3opa (BEKTOPHBIHN

T, =cd'c,d’c,d® =cd'

HabOp)— , ¥ KOTOpO-

ro 6asuc ¢ BBICTYIIAeT B KayecTBe JIEBBIX
BEKTOPOB W  €JWHCTBEHHBIU ITPECTaBU-

T, =f'c,fc,f, =f'c,

TeJIb , Y KOTOpOoro 0Oa-

suc ' BBICTyIaeT B KauecTBe ITPABBIX BEK-
TOPOB.

T=a ®b' =(Q'c;)®b' =¢, ®(Q’b") =¢, ®d’

T=a,®b' =a,®Q"c;)=(aQ")®c, =f' ®c

d’ =Qijbi_

r7ie 0003HAYEHBI BEKTOPBI

AHaJIOTHYHO, pasjaras mo 6asucy o
bi :Q ijC

BEKTOPBI I, mosy4daem

r7ie 0603HaueHbl BEKTOPBI f=aQ" .

®opmystel (9) u (10) TO3BOJISIOT IEpeU-
TH OT IIpeACTaBUTess T, =ab
T=a®b JPYTUM  IpeACTaBUTEAM
T,=cd , T, =fc

TeH30pa

I aroro ke Tensopa T B

C.
Hanepe7 3aJaHHOM Oasuce .
[IporpammHubIii  Momysnb  TensorView
II03BOJIAET 10 33/IJaHHOMY IIPE/ICTaBUTEIIIO

— i _ i
T.=ap TEH30pa T=3®b HaWTU U BU-
3yaJIn3UPOBaTh JPYroro IIpeACTaBUTENS
T, =cd'

¢, =Cle

sroro Teusopa T B 6asuce
I (pucyHOK 4). JIjist 3TOrO CHa4asa

J
II0JIb30BATEJIEM 3a4A€TCA MaTpUIld Ci I1e-

(9)

I (10)



C.
pexoyia K HoBoMy 0asucy ' (T.e Oa3umcHBIE

T, =cd'

BOTO IIpE€ACTAaBUTEA TeH30pa 4
C .
KOOPAUHATHI 0Aa3UCHBIX BEKTOPOB ' B 0a- BUSYaJIMSUPYET €ro
e.
3uce ), a 3aTeM MOAYJb BBIUHCIISET HO-
] TensorView - ‘:ld;hﬂh]
@ain  3aganwe Tensopos | Onepaumnw c Tensopamn | Otobpaxenne  Cnpaska | .
Wsmennts Basnc » 3342 AN nepEoro TeHzOpa 1| 3apanve BasnCHBIX BEKTOPOE liléj
Crosxerne 84aTe ANA ETOROIC TEHIOpa
v 3ﬂ_ o § . ) X ¥ z
MHOKEHWE H3 4NCNo Haiitn coBCTBEHHBIA 4nA NepBOro =
CranapHoe ymHoxeHne Haiitn coBcTBEHHBIA 4na BToOporo Bextop1 1 m - 0
TpaHCNOHUPOBaHKE ]’ Bexrop2 0 1 0
Bexrop3 0 0 1
o] (o )
|
T, =cd' T=a ®b
PucyHnok 4. HaxoxxzeHue U Bu3yajin3anusa npeacraBuresid d C'd TEeH30pa i B

HOBOM 0a3uce (HOBBIH IPE/ICTABUTETH

0) Busyasuszanmusa CJI0:KE€eHUA
JIBYX TEH30POB

Jlns Toro, uToOBl BHU3YaJIM3UPOBATH

oIepamnmuio CJIOKEHUA ABYX TE€H30POB

_ i _ i
T=4®b Hu R=m;®n , 3aJIaHHBIX CBOU-

AR
MH  IIpe/ICTaBUTEJISIMU T.=ab

R =mn

u

, HeoOXOMMO COBEPIIUTH 2
JTamna:

- IEePBbIN: IepPEUTH K HOBBIM IpeJiCTa-
T, R
BuTesiAM ¢ u ¢ TersopoB | u R B on-

HOM U TOM 3Ke basuce
panuu (9)

C.
I ¢ momoIIpIo oIre-

T=a ®b' =c, ®d’
— i j
R=m,®n =c; ®q (11)

T
d TOKa3aH MyHKTUPHBIMHU CTPETKAMU)

i —0ipi i _ plni j i
rﬂed_Qib, q_Rn,a iHPi_

m

MaTPUIbI Pa3JI0KEHUA %ux Mino 6azucy

c.,.a=Qlc. m =Plc,

B Q I i Yi)) Torma HaXoAHM
9TUX IIpeJICTaBUTEJIeN TEH30POB
T,=cd’ R, =c.q’

d I Jq (12)

- BTOPOM: CJIOJKUTD JIBA HOBBIX ITPEJICTa-

T, R
BUTEJA U  9TEH30pPOB , UCIOJIb3YA
MpaBWIO MapasuiejiorpaMMa JUIsl CJI0XKe-

j i
HUSA TIPaBbIX BEKTOPOB d' 4 9 5rux HOBBIX
npe/cTaBUTENEN

T,+R,=c,d’+cq =c,r’
r=d+g (13)
Cymmoii aByx TensopoB | u R sas-

JIIeTCs KJIacC DKBUBAJIEHTHOCTU BbIYMC-
T, +R
JIEHHOT'O IPeACTaBUTEJISA TEH30PA 4
T+R=[T,+R,]=[cr'
[T, +R1=[cir'] (1)



Aty ke GOopMyJy C YyUeTOM AUATHOTO
npousBesieHusa (1) 1 (11) MOXKHO Ie€penu-
caTh Tak

T+R=3,®b'+m,®n'=c, ®d’ +¢,®q' =c, ®r’

(15)

[Ipn Bu3yanmusanuu omnepanuu Cjo-
JKEHUSI TEH30POB HCIOJIb3yeTcs ¢dopMysia
(13), MOCKOJIbKY, KaK OBLJIO OTMEUEHO, BH-
3yaJIM3UPOBATh MOXKHO JIHIIb OTAEIbHBIX
IIpeZicTaBUTEJIeH TeH30pA.

CoBepIleHHO AaHAJIOTUYHO, AJIS OIle-
pamuu CJI0KEHUs MOXXHO HCII0JIb30BaTh
IIpe/ICTaBUTEJIEH TEH30POB B IpaBOM 06a3u-
ce.

Torpa mepBbIl Taml - MEpexoJi K HO-

BBIM IIPE/ICTABUTEIIAM Ty R TEH30POB
T u R Bmecro (11) u (12) cogep:xur cie-
nyrorre GopMyJibl

T=a ®b' =f'®c,

R=m, ®n'=p’ ®c; (16)

Ty =te; , Ry=pe, (17)
o f'=Q"a p’ =P"mi, a Q“n pii

b

ra
: .
MAaTpPUIbl Pa3/IOKeHHs BeKTopoB O u N’
b'=Q"c, n'=Plc,
1o 6asucy C'( Q in .
Bropoii sTam — cji0KeHHe HOBBIX

HpeIICTaBI/ITeJIeﬁ TE€H30PpOB, HCIIOJIb3YA
IIpaBUJIO IIapajuiejJiorpamMma JJid CJI0XKe-

i i
HHUA JIEBBIX BEKTOPOB f u P 9THX HOBBIX
HpeIICTaBHTeJIeﬁ, COCTOMUT B CJIEAYIOIIIEM:

_£] in
Tf+Rp_f C;+p’c; =w'c,

i

wl =fl +p (18)
T+R=[T, +R ]=[Wc,]=w’ ®c; (10)
IIpencraBurenu T +R, 51 Ti+R, TEeH-

sopa | +R, monydyennsie momompsio dop-
My (13) u (18), pasiuyaioTces, HO KJIacchl
UX SKBHUBAJEHTHOCTH COBIIAZAIOT (TO €CTh
OHH COOTBETCTBYIOT OJHOMY U TOMY e
tersopy | +R), B uem MoxxHO ybeauThes
HeIoCpe/ICTBEHHO, BhIpakasd B (POpPMyJIax

(15) u (19) BeKTOpBI r'u w! yepes €
w! =f +pj :jSai + Pjimi = (jSQik +P! Rk)ck
(20)
ri =di +ql =Q|Jb| + PIJnI — (Qiiji + PIJPkI)Ck
(21)
IToxacraBass (20) U (21) B (15) u (19),
MoJIydyaeM, 4To 00a 3TH BBIPAKEHUs COB-
majaroT
T+R=c;®r' =w' ®c,; =(Q"Q" +P"R")c, ®c;
(22)
Busyasmzanus mnpeicraBUTe s G ren-
sopa | +R, mnpeacrasnaiomero cob6oit

. T, R
CyMMY IIpe/icTaBUTEJIEN U 97BYyX TE€H-

30pOB T.R , IOKa3aHa Ha PUCYHKE 5 C I10-
MOIIBI0 CPEACTB IPOTPAMMHOIO MOJYJIA
TensorView.

PI/ICYHOK 5. anya.nnsaunﬂ oInepanuu CJI0KEHHUA IBYX TEH30POB, C IIOMOIIBIO IIEpEXOa K
IpeacraBuTe/IAM TEH30POB B HOBOM basuce



6. Busyaimusanua TeH-
30PHBIX ITOJIEHl B MEeXaHUKe
nedopMupyemMoro TBepaoro
Tesa

B mexaHuke 1eOpMHUPYEMOTO TBEP/IOTO
TeJla KJIIOUEBYI0 pOJIb UIpPaeT TeH30pP
HanpspkeHnd Ko O , KOTOPBIH, COTJIaCHO
[2] MmokeT OBITH MpeCTaBIEH C MIOMOIIHIO
I'TIT cnexyromum obpa3om:

i
c=e¢ Ot
' (23)
i

e U- BEKTODbI HAIPSXKEHUH, JIel-
CTBYIOIIIHE HA 3JIEMEHTAPHBIX KOOPAHHAT-
HBIX ILTOIA/IKaX, OPTOTOHAIBHBIX K BEKTO-

e.
paM OpPTOHODMHUPOBAHHOTO 0asuca
Taxkum 06pa3oM, B KaUECTBE JIEBBIX BEKTO-
POB JIJIs1 TEH30pA HATIPSKEHUH MOTYT OBIThH

BBHIOpaHBI BEKTOPHI Ha3uca ®  a B xauecTBe

IIPaBbIX BEKTOPOB — BEKTOPHI HATIPSKEHUU
o o(x")
Ilose Ten3opa HampsAKeHUU

npezcTaBaser cobOl TEH30PHO3HAYHYIO
byHKIMIO, OTOOpPAKAIOIIYI0D HEKOTOPYIO

E
obsracth V 3-X MEPHOTO MPOCTPAHCTBA 3B

\Y
obJtacTh ° IPOCTPAHCTBA T2 (Vs) TEH30POB
2-TO paHra

o(x'): VcE -V, cTM)

IIpu 3D Busyasmszanuu TEH30PHOI'O

\
IIOJIS CO3/Ja€TCA CeTKa " - MHOXKECTBO TO-
k

X E o
yek () B IIpOCTPAHCTBE 3, B KAXKJOU U3

o(x))
KOTOPBIX TeHepUpyercs TEeH30D )
ITockosbKYy BEKTOpbI OPTOHOPMHUPOBAHHO-

e
ro JiekapToBa Oa3mca ' He 3aBUCAT OT TO-
YeK IIPOCTPAHCTBA, TO, HMCIOJb3ys IPE.-
craBjieHue (23), moydaeM

o(x;)) =€ Ot (Xf,-))’ (25)

t' (X)) .
rae ns- BEKTOPbI HAIIDAXKEHHU B

Vh
TOYKAaX CETKHN .

Takum o0Opa3oMm, BHU3yau3aIus TeH-
30pHOrO mosa B 3D eBKIMZOBOM IIpO-
CTPAHCTBE MOJKET OBITH OCYIIECTBJIEHA C
IIOMOIIbI0 HA0OPOB TOJIBKO 3-X IIPaBBIX

BEKTOPOB. JIeBble BEKTOPHI ® B CUJIY TOTO,
YTO OHU OJWHAKOBBI B KOKIOU TOUKE, JJI
BU3yaJIN3allid He WH(OPMATUBHBI U UX
MOKHO He HCIIOJIb30BaTh. ATOT CIIocob pe-
ajJi30BaH B  MPOrPAaMMHOM  MOJAYJIE
TENSORVIEW.

ITosie TeH30pa HAPAKEHUH 6(X') g ge-
dbopMUpyeMOM TBepZIOM TeJjie€ BBIUHC/IAET-
CsI C TIOMOIIBIO PEIIeHUs 33/jaul MeXaHHU-
K1 71eOPMUPYEMOTO TBEPAOrO Teja, KO-
Topas i cjaydas Manibix gedopMaiiui,
KBa3UCTAaTUYECKUX IIPOIIECCOB HarpyKe-
HUSA U YIPYTO-IJIACTUYECKUX CBOKCTB Cpe-
JIbI, UMeeT CIIeIyIoIui BU [2]:

V-6= 0’
azl(V®u+V®uT)
2 , (26)
¢ =F(¢)
G |21 n=S(t) u |22 =u’(t)
37ecb  0003HAYEHBI: V.  ngabna-

onepatop [9], O - TeH30p HampsKeHUH, & -
TEH30p MasbiX Aedopmanumii, Y- BekTOp

S().

; 5 u()
YCU/INK Ha 4aCTU I'PAaHUIIBI , - BEK-
TOPp 3aJaHHBIX HepememeHHﬁ HaAa 4YacTtu

repeMeleHni, BEKTOP BHEIIHUX

2 o
rpa"Hunsl 2, N- BeKTOp BHEIIHEU HOpMa-

Jy, Fe) HeJIMHEeWHasA TeH30pHasA (QyHK-
Y51, OTTUCHIBAIOIIASA YIIPYTO-IIaCTUYECKUE
CBOMCTBA MaTepuasa [11,12].

JIJIs1 YUCIEHHOTO peleHus 3a71auu (26)
B TPEeXMEPHOM IIOCTAHOBKE HCIIOJIb3yEM
METOJI KOHEYHOr0 3JIeMeHTa [12]. ToT Me-
TOA sBJsieTcs Haubosiee 3hGEKTUBHBIM
JUIST PellleHUsI KBa3WCTAaTUYECKUX 3a/1a4u U
peasTu30BaH BO MHOTHUX IIPOTPaMMHBIX
KOMILIEKCAX, B TOM YHCJIE B KOMMepue-
ckux, Takumx kak ANSYS, MSC Nastran,
ABAQUS u np. [lnd pelieHus 3a7a4 Mexa-
HUKUA Je@OpMUPYEMOro TBEPAOIrO Tejla
(26), B TOM umHciie Aj1s1 KOMIIO3HIIMOHHBIX
MaTepuayioB, B HayuHo-00pa3oBaTeIbHOM
LIeHTpe «CUMIIJIEKC» MITY



nm.H.D.baymana paspaboTaH mporpaMm-
HBIA koMIIekec SIMPLEX, HanmcaHHBIA Ha
s3bIke C++, KOTOPBIA U HCIOJIB30BAJICS B
JIaHHOU paboTe.

PaccmoTrpuMm B KauecTBe INpuMepa 3a-
Jlady O pacTs’KEeHUH IPSIMOYTOJIbHOU ILia-
CTHHBI U3 aJTIOMUHUEBOTO CIIaBa C OTBEP-
crueM (puc. 6). dTa 3a/1a4a aKTyaJIbHA JJIA
po0JIEM HCCJIEIOBAHUSA COMPOTHUBJIEHUS
nedopMarsiM  3JIEMEHTOB  KpeIUIeHUs
KOHCTPYKIIUHA JIeTaTeJIbHBIX  aIlllapaToB
[12]. 'paHnyHble yCJIOBUSA B 3TOU 3ajaue
BBIOMPAIOTCA CJIEAYIOIUM 00pa30oM: 4acTh

o )
TOPIIEBOM IIOBEPXHOCTH ~ 2! TMoJiaraem
JKECTKO 3allleMJIEHHOM, Ha Hel 33/1aHbl Hy-
=0

JIeBble IepeMelleHUs 1 Ha 4YacTu

ZZ'ZHOBerHOCTI/I Tejia, MPECTaBIISIONIEN
co00# TOJIOBUHY ITOBEPXHOCTU OTBEPCTHS
IJIACTUHBI, 33JlaHa OJ[HA HEHyJIeBas KOM-
IIOHEHTA [IepeMeIleHN, HalTpaBJIeHHas 110

ocu 0%
oo, Uy :U(t):U'Ot’ us =us =0 (27)

3asaBaeMoe IepeMelleHre u() n3Me-
HsIeTCA T10 JIUHEHHOMY 3aKOHY BO BpeEMEHU

(mocTosiHHAsA CKOPOCTh Harpy:KeHUsI Uo g
"JKeCTKOM pexxume").
OcrasibHblE YaCTU IOBEPXHOCTU ILjIa-

z
CTHHBI “!TIOJIAaTAINCH CBOOOAHBIMH OT
Harpy3oK
y ©

1

n M 0, S(t):o. (28)
CBoiicTBa ympyro-IlacCTUUYECKOTO Mare-
puasa, a TakKe 0COOEHHOCTH YHCJIEHHOTO
pemenus 3azadyu (26) ¢ momompio ITK
SIMPLEX wu3snoxxeHbl B pabore [12]. B
JITAaHHOUM CTaThe PacCMOTPHUM OCOOEHHOCTHU
BU3YyaTU3aIlMU PE3YJIbTAaTOB PACUETOB 3TOU
33/1a4d C MOMOIIBI0 TPAAUIIMOHHOTO CIIO-
coba BU3yasu3aIluil TEH30PHBIX MOJeld —
IIOKOMIIOHEHTHO, U C TOMOIIbI0 HOBOTO
criocoba BU3yasIn3allid Ha OCHOBE T€OMeT-
PUYECKOTO IIPEe/ICTaBIEHUS TEH30POB.
Knaccuueckasa nokomioHeHTHadA 3D Bu-
3yasn3anus TEH30PHBIX IIOJIEH OCYIIEeCTB-
JISTach C MOMOIIBIO ITPOTPAMMHOTO MOJY-
ss1 NETGAZER, Tak:ke pa3paboTaHHOTO B
HayuHo-006pazoBaTesibHOM IIeHTpe

«CUMIIVIEKC» MITY wum.H.9.baymana
[6]. Moaynp HanmmcaH Ha sA3bIke C++ C HC-
noJib3oBanueM 61bmorek OpenGL.

[Ipu pacuerax ¥ BU3yaTU3aIUHA UCIIOJIb-
30BaINCh 2 THIa KO ceTok — OTHOCHUTEb-
HO Menkas (25088 y3m0B B K9 cerke) u
kpynHasa (2834 KO ysina). Tun KO — 6b11
OIMHAKOB — 4-X y3JI0BOU TeTpasp. CeTku
JUIsl pacCMaTpUBaeMOM 00J1aCTH IMOKa3aHbI
Ha puc 1. Pazinume B TOUHOCTH pelIeHUs,
KOTOPOE OBLIIO TIOJIyYeHO Ha 0OEenX CeTKax,
COCTaBJISIO He Oosiee 15%, YTO OBLIO MIPU-
eMJIEMBIM JIJIsI TAHHOTO MOJEJIbHOTO KJjlac-
ca 3a71a4. bosiee KpymHas ceTKa MO3BOJIAET
OoJiee HAIJIAAHO MMPOJEMOHCTPUPOBATDH pe-
3yJIbTAThl peIIeHHs B 00pa30BaTEIbHBIX
eJIAX, Korja TpeOyeTcsl JOCTaTOYHO IIPO-
CTO YBUJIETh TEH30PHBIE T0JIsI 6€3 CHJIbHO-
ro MacmrabupoBanus 3D KapTUHKH.

Ha pucyHke 7 mokasaHa BU3yaJIH3aIlHs
TEH30DHOTO IIOJIA HANpsDKEHUHW B ILIa-
CTHUHE, MoJydeHHOro Metoziom MKD, ¢ uc-
MOJIb30BAHUEM KJIACCUYECKOTO ITOKOMIIO-
HEHTHOTO cItoco0a, a Ha pUCYHKe 8 - IoKa-
3aHa BU3yaJHU3allUsA TOTO K€ CaMOro pac-
YEeTHOTO TEH30PHOTO IOJIA HAMPSIKEHHUH C
nomornpo I'TIT. IIpu Takom crocobe is
roJiydeHusi nHGOpMamuu 0 6 KOMIIOHEH-
Tax TeH30pa HANpsKEeHUU TpebyeTrcsa 6 OT-
JIeJIbHBIX PHCYHKOB, NpU4YeM WH(POpMa-
THUBHOCTD Ka)K/[OTO OTHOCUTEJILbHO HEBEJIHU-
Ka — MOXKHO JIUIITb YBU/IETh 30HBI, T/Ie pea-
JIU3YIOTCS MaKCUMaJIbHble W MUHUMAaJlb-
Hble 3HAUYEHHUs KaXKIOW KOMIIOHEHTHI TEH-
30pa HAIPSI?)KEHUH B OT/IEJIbHOCTH, OJTHAKO
JUISL TOTO, YTOOBI ITOHATh KapTUHY pacipe-
JleJIeHUsI TI0JIsi HAIpsDKEHUH TeH30pa
HAIPsPKEHUU KaK IeJbHOTO0 00BbeKTa HeoO-
XOJIUIMO COBMECTUTH BCE 3TH CKaJISIPHbBIE
T0JIsI, YTO TIPEACTABJIAET COOOM /T0CTATOU-
HO CJIOKHYIO 3a7auy.

Ha pucynkax 8 u 9 mokazaHa BU3yaJiu-
3aIys MMOJIA TEH30pa HAIPSPKEHUH B 3a71a-
Ye 0 PaCTsKEHHUU IUIACTUHBI C OTBEPCTHEM
¢ ucnosib3oBanueM I'TIT g 2-x 3HaUeHUH

pPaCTATUBAIOIIETO TEepPeMEIeHUs Ut) 4

U(tz). 3HaueHUe IepeMeleHus Ut) co-
OTBETCTBYeT Hauvasy pa3pylleHUs MaTepu-

U(t
Jla IIAaCTHUHBI, a IIEpEMeENICHHE (1)(30-

U (t
CTaBJISIET 0,1 OT ®) . Croco6 BU3yaJIN3a-
[IUU TI0JIS1 TEH30pa HANIPSXKEHUU ¢ UCTIOIb-



3oBanueM I'TIT no3BoJisieT B paMKax OJTHOM
KapTUHBI Cpa3y HENOCPeJCTBEHHO 0ToOpa-
3UTh pacupezesieHue TeH30pbl HalpsxKe-
HUH Kak nespHOro oobekTa. Heobxomumo-
CTU COBMEIEHUA OTHEJbHBIX KAPTUH KOM-
IIOHEHT IIPU 5TOM He BO3HUKaeT. B kaxkmoi

k
Touke () IIPOCTPAHCTBA MOKHO YBHUJIETH
U IPOAHAJIN3UPOBATH TEH30P HANIPSXKEHUH
KaK COBOKYIHOCTh 3-X BEKTOPOB Hamps-

JKeHUH tl(xé(ﬂ) Ha KOO -

PAWHATHBIX ILJIO
IIAJIKax, YTO fABJISETCA He TOJBbKO 0oJsiee
yI0OHBIM MHCTPYMEHTOM JIJI aHAJIU3a, HO
U OTKDPHIBA€T HOBBIE BO3MOKHOCTH JJIsI
IMIOHUMAaHHUA TEH30pa KaK I[eJIbHOTO HMHBA-
puaHTHOrO OoOBbekTa. Hampumep, cpaBHH-
Bas, IMOJII T€H30pa HaNpPsLKEHWH Ha pPH-
CYHKax 8 M 9 MOXKHO YBHJIETh, UTO Ha IIO-
BEPXHOCTH OTBEPCTHs TEH30p HaIpsDKe-
HUHA  CKAauyKoOOpa3HO MeEHseT 3HauvyeHUs

. X))
BEKTOpa HaIpsKeHUM 7 orobpaxa-
€MOro KpacHbIM IBeTOM. CKayOK BBI3BaH
CMEHO! TPAaHUYHOTO yCJIOBUS HA IOBEPX-

. z
HOCTU KOHTaKTa: Ha TOW 4YacTu 2?2, Tje
33/1aHO TlepeMellleHre, BEKTOp HalpsKe-
17k
t(x;)

13070 HaIlpaBJieH B OTPUIIATEIHLHYIO

1
CTOpPOHY OT KOOpI[PIH&THOfI ocu Ox , 4dTO

COOTBETCTBYET OTPpULATEIbHbIM (C)KI/IMa-

o, (X))
IOINM) HamnpspkeHusaM 12 7(D7 1 a Ha cBO-
0OJTHOM OT HArpy30K YacTH ITOBEPXHOCTH
OTBEPCTHSI BEKTOP HaIMpPsHKEHWU HaIpas-
JIEH B CTOPOHY HOJIOKHUTEIHbHBIX 3HAUEHUH

1
KOODJMHATHOU OCH Ox , UTO COOTBET-
CTBYET TIOJIOKHUTEJIPHBIM  (pacTAruBaro-
k
o, (X
II[IM ) HaIMPsKEHUSIM u( (J)).

Pucynoxk 6. K3 ceTku, UCIOJIb30BaHHBIE JIJISI PACYETOB I0JI TEH30pa HANIPsKeHUH B ILIa-
CTHHE C OTBEPCTHEM
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Daiin Mokasets Ynpasnerwe Bua  Yinbl 3nements  Onacn  Cnpaska

189.881 STRS ¢ (-97.9065 .. 189.881)

173,893

157.905

141916

125.928

109.94

93.9518

77.9636

61.9754

45.9673

29.9991

14.0109

-1.97733

-17.9655

-33.9537

-49.9419

-65.9301

819153

97,9065

a)

74,2464 STRS XY (-77.9896 ., 74.2464)

65,7888

57,3313

488737

40.4162

31,9586

23,5011

15,0435

6.585%

-10,3292

-18.7867

27,2443

-35.7016

-44.1594

52,6169

61,0745

77,9896




58.3553 STRS_YY (-27.8856 .. 58.3553)

53.5641

48,773

43.9818

39.1906

34,3994

29.6083

24.8171

20,0259

152348

104436

5.65241

0.851233

-3.92994

8.72111

-13.5123

-18.3035

-23.0946

27,8858

B)

PucyHok 7. ITokoMIIOHEHTHAs] BU3yaIu3aIvs I0JIA TEH30pa HAIPsKEHUN B 3a/1a4e O
pPAaCTs’KEHUH IUIAaCTUHBI C OTBEPCTHEM: a) KOMIIOHEHTA %1 (MIla), 6) kommoHenTa °

(MIIa), B) kommoHnenta °2 (MIla)

7 TensorView

@aiin 3ap p Oneg 4 p OToby Cnpaeka




B TensorView

®aiin  3aparmeTenzopos  Onepaumn c Tensopamn  OroBpaxenne  Crpaska

A% L

6)

PI/ICYHOK 8. anyannsaunﬂ II0JI4 TEH30pa HaHpH}KeHHﬁ B 3a1a4€ O pAaCTAKEHHUU IlJIa-

" t
CTHHBI ¢ OTBepcTueM c ucnosb3oBanueM ['TIT 1y1a 3HaueHUsA nepeMerieHUN Ut a) obmas
KapTHHA 0JIA TeH30pa HANIPsKEeHUH, 0) 1oJie TeH30pa HaIPsXKeHUH B JIOKAJIbHOU 30HE B

OKPECTHOCTHU OTBEPCTUA




Pucynok 9. Busyanusanusa nosis TeH30pa HAIPsXKeHUU B 33/1a4e O PacTAKeHUU Ijia-

CTUHBI C OTBepCTHUEM C UctosibdoBanueM ['TIT ajis 3HaueHUA nepeMelleHuin U(t,) CKOPOCTHU
a) obO1ass KapTUHA T10JIA TeH30pa HAIPs»KeHUH, 0) IMoJie TEH30pa HATIPSXKEHUH B JIOKAJIBHOM
30HE B OKPECTHOCTH OTBEPCTHUA

7. JaKJII0UYEeHHEe

Pazpaboran HOBBI MeTOJ BU3yaIN3a-
I[UY TEH30PHBIX IOJIEH, KaK B JIBYMEPHOM,
TaK U B TPEXMEPHOM IIPOCTPAHCTBE, KOTO-
PBIN UCIIOJIB3YET TaK HAa3bIBAEMOE TeOMET-
pUUecKoe Tpe/CcTaBJieHne TEH30POB 2-TO
paHra, B BH/IE YIIOPAA0YEHHOU COBOKYITHO-
CTH 4 WU 6 BEKTOPOB, COOTBETCTBEHHO.

Pazpaboran CHEIUATU3UPOBAHHBIN
IIPOTPaMMHBIA MOAyJsib TensorView, KoTo-
PBIH TIO3BOJISIET BU3YaJIU3UPOBATh TEH30D-
Hble 11014 ¢ ucnosnb3oBanueM I'TIT.

[TpuBeneHB TPUMEPHI HCIOJIB30BAHUSA
BU3yTN3allU TEH30PHBIX TOJIEH B 3a7jaue
0 MO/IETUPOBAaHUH HaMPSKEHHO-
ne(OpMUPOBAHHOTO COCTOSIHUSI 3JIEMEH-
TOB aBUAIIMOHHBIX KOHCTpyKIni. [Tokaza-
HO, UTO IPEAJIOKEHHBI MPUHIIUITUAIHHO
HOBBI METOJ] BU3YyaJIU3aIlUU TEH30PHBIX
IOoJIel TO3BOJISIET JaTh IIPe/CTaBJIeHUE O
TE€H30paX, KaK O IeJbHbIX HHBAPUAHTHBIX
obbekTax, 06001ast MPU 3TOM XOPOIIO U3-
BECTHBIE IIPEJICTABJIEHUS O BEKTOPHBIX IIO-
JISIX B TPEXMEPHOM IIPOCTPAHCTBE.
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