[Mpumep 1. OueHka napameTpoB
CTaTUCTUYECKOWN BbIOOPKM.

(Mporpamma 01-statistica.mcd)

Te, KoMy NPUXOAWIIOCH BBIIOJHATE CTATHCTUYECKHE PACUESTHI BPYYHYIO, HABEPHSIKA
TIOMHST, KaKOH OIPOMHBIIf 00bEM PYTHHHBIX BEIYHUCICHUH IIPHXOIUTCS BBIIOJIHATH B
MpoIiecce pacueToB, 0COOEHHO MPU CPABHUTEIBHO OOJBIINX 00BEMax BRIOOPKH JaHHBIX.
JlaHHBII TpUMep MOKAa3bIBaeT, KaK JIETKO IPOrPaMMHUPYETCS U PACCUUTHIBACTCS OUCHb
TpyJOeMKas CTATUCTHYECKas 3a1aya.

Jnst 3aaHHOM BBIOOPKH JJAaHHBIX TpeOyeTcst oA00paTh 3aKOH paclpenesieHus 1
OIIPE/IeNIUTh €r0 MapaMeTpBl.

Jnst co3nanmst BBIOOPKHM JTaHHBIX B TIPUMEPE MCHOJIB3YETCs TeHEpaTop CIy4aiHbIX YuCed,
MO3BOJISIIOIIMH CO3/1aBaTh BEIOOPKY JNAaHHBIX, HOAYMHEHHBIX 3apaHee 3aaHHOMY 3aKOHY
pacrpeeneHus.

B npumepe npeiararorcst Tpu reHepaTopa Ciy4aiHbIX YUce 11l HOpMaIbHOTO (fNorm),
noructudeckoro (rlogis) u pasaomepnoro (runif) pacnpenenennit (puc. 111.1). Cnuras
BHH3 OJIMH U3 TEHEPAaTOPOB, MBI TEM CaMbIM BBOJIMM B pacueT UMEHHO ero JaHHble. [lanee
NPUHSTYIO BEIOOPKY JTAHHBIX COPTUPYEM I10 pocTy (yHKumMer SOrt 1uist mocieayomero
HOCTPOEHHs Ipa(UKOB U onpeliersieM i Hee cpeaHee apupmerndeckoe (Mmean) u
cpenHee KBaaparuueckoe (Stdev) oTkiioHeHusI.

1
ORIGIH =1 i=1.n pi=-—1i x:= 50150

n

N - YWCMIO YMCEN B BeIDOpKe AaHHLIX
(Fapado rmobaneHo okoNo rpadiika)

No avepeln CABUHETS BHWS OAHO W3 EH:.IDE}I{BHI-’IFI X

B

morm(n, 100,30 [X = rogis(n, 100,30) [X = runif(n, 50, 150)

K= sort{Z) m = mean(Z) o = stdevi(Z) m = 93246 o= 28]
pn = pnormi(Z,m,a)  pl = plegis(F,m,a) pu = purf (30,50, 1500

ko3 hULIMEHTBI KOPPENAUMKW  cor(pp) = cotripp,p)

cot(pn) = 0932 Ilockoneky BCE TP H KpHBLHE BEpOATHOCTH

BIHIKH OpyVT E OpyTy, KosddHEIHEeHTH
cotr(pl) = 0.987 6

KOPPEINANHH ToXE BIHSKH OPYT K OPYTY H HE
cor(pm) = 0.989 ABNAOTCA HaleXHOR OUEHKOH.

OueHka ¢ NOMOLbIO B3BELUEHHBIX KBappaToB OTKNOHEHWA.

N
pi = ppi
AZipp) =1 z tl—l B3BelleHHbIe KEAAPAaTEI
= PP OTKNOHEHWH

A2(pn) = 3.104 A2(ph = 1.689  A2(pu) = 7.035

Puc. 1I1.1. Coznanue BEIOOPKHU TaHHBIX, €€ TapaMETpPbl U OL[EHKA CTaTHCTHUECKHUX THUIOTE3

BelBuraeM Tpu rurnoTessl 3aK0OHa PacHpeieNCHNs U ONpeersieM (QYHKIHUIO BEPOSTHOCTH
JUISL HUX.
[Ipennonaraem, 4yTo BEIOOPKA JAHHBIX TTOAIUHSIETCS:

O HOpMaIbHOMY pacrpeeeHuo (PYHKIUI BEPOSTHOCTH PNOrM);
O JjoructuyeckoMmy pacnpenesneHuto (hyHkuus plogis);
O paBHOMepHOMY pacnpenesneHuto (yHkuus punif).

Ha puc. 111.2 moka3aHo rpadudeckoe cpaBHEHHE BEIOOPKH JaHHBIX X; WM (QyHKIHHA

BEPOSITHOCTH BCEX TPEX BBIOPAHHBIX 3aKOHOB pacmpeesieHus. [1Jist OLEHKH UCIIONb3yeTCst
CyMMapHasi BEpOSITHOCTb p; , KOTOpasi paBHa 1 Jisl OJHON BEIOOPKU.
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Puc. 1I1.2. I'paduueckoe cpaBHEHNE BBIOOPKH JAHHBIX M CTATUCTUYECKUX TUIIOTE3

Bei0opka qaHHBIX, co3nanHas runif (reaepatopoM ciaydalHbIX YKCEN PABHOMEPHOTO
pacripeziesieHus), Kak U cJIeoBaJIo 0XKHUJaTh, pactoyaraeTcs OJIvxKe BCero K IMpsIMOi
IITPUX-ITYHKTHPHOW JINHUM, COOTBETCTBYIOIIEH PAaBHOMEPHOMY PACIPEICIICHHUIO.
[IpoBepuM 3T0 HaOMIOAEHNE METOJaMI MaTEMAaTHIECKONW CTATHCTHKH.

CHauana mocuntaeM ko3¢ GUIIEeHTH Koppensun pyHknuei corr (em. puc. 111.1). s
PaBHOMEPHOTO pactpeneneHus: KodGGUIMEHT KOppeAuy 4yThb-4yTh OOJIbIIe, YeM IS
HOPMAJIBHOTO M JIOTHCTHYECKOTO pacipeeneHnii. OHaKo MOCKONbKY BCE TPH KPUBBIX
BEPOSATHOCTH OJIU3KH APYT K APYTY, KO3()OUIHUEHTHI KOPPETSALN OIU3KH APYT K APYTY U
HE SBJISIOTCS HaAEKHOM OLICHKOM.

3HAYNUTENHHO y6em/1TeJn>Hee BBITJIAAWUT OLICHKA C IMMOMOIIbIO B3BCHICHHBIX KBAa/IpaTOB
OTKJIOHeHU# A2 . Iy paBHOMEPHOTO PaclpeeNieHns KBapaT OTKIOHEHUIT B 6 pa3
MEHBIIIE, YeM JIIsI HOPMAJIBHOTO, U B 2 pa3a MEHbIIE, YeM ISl IOTHCTHYECKOTO.

Jlanee 11t OLICHKH CTIPAaBEIITMBOCTH TOM MIIM WHOM 'MITOTE3BI HCHOIB3YEM METOIbI
IMupcona nu PomanoBckoro. [Ii1st Tako# OIEHKH HAJO BBHITIOTHHUTE TOPA30 Ooiee CIOKHBIE
pacdetsl. B 3Tux MeTomax cpaBHUBAIOTCS HE (PyHKIMH BEPOSITHOCTH, a INIOTHOCTH
BEPOSITHOCTH, YTO TPeOYET OLICHKH OTHOCUTEIBHBIX YaCTOT BBIIAJAHUS YHCEIl, TO €CTh
MIOCTPOEHHS TUCTOTPaMMBI BHIOOPKH JaHHBIX.

J71st moCTpoeHH s THCTOrpaMMBI HCIIONIb3yeM BCTpOoeHHYH0 GyHKLmo histogram, xortopast
BO3BpAILACT MAaTPUILy U3 ABYX CTOIOIOB. [IepBbIi 13 HUX — 3TO 3HAYEHHUS X CEPEIUHEI
WHTEPBAJIOB, BTOPO — OTHOCHTENBHBIE YacTOTHI (cToOnKH Ha puc. 111.3). Ha Tom xe
PUCYHKE pOM6I/IKaMI/l M TOYKaMHM ITOKa3aHbl 3HAYCHMS INIOTHOCTEH BECPOATHOCTHU TPEX
pacnpenesneHuii, HaiiienHbx Gpyukismu dnorm, dlogis u dunif.



bh = histogram(n,3)

hh<2>
dh = —— HaCTOTa NonajdaHka B MHTepBan

1
it = hhm> cepelWHbl MHTepBanoB

dn = dnorm (3 m, o) dl = dlogis(3,m, o) du = duf (3, 50, 1500
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Puc. 111.3. 'ucrtorpaMma BbIOOPKH JIaHHBIX M IUIOTHOCTH BEPOSITHOCTEH CTATUCTHUSCKUX THIOTE3

OreHKa BBIIBUHYTHIX THIIOTE3 C TOMOIIBIO KpuTepueB IInpcona u PomanoBckoro

npuBenena Ha puc. 111.4. ManeHpkuii 00beM BBIOOPKH JAaHHBIX HE MO3BOJISECT OLICHUTH
MPaBUJIBHOCTD BBIABUHYTHIX TUIIOTE3 C IIOMOIIBIO ITUX KPUTEPUEB, H UX HCIIOIb30BaHNE

CITY’KHT JIMIIb WILTIOCTpalielt BoamoxkHocteit Mathcad.

f ‘ 5 2
( dhj — dpj) -
X2(dp) = n- KpMTEpWEA MMpcoHa
Z dpj
=il
r=n—23

X2(dn) = 1411 x2(dh = 1.593 X2(du) = 0.925
pX2idp) = pohisq(X2(dp),1)

pX2(dn) = 0.01476  px2(d) = 0.02109 px2(du) = 0.00406

nidp) = M KpHMTERWA FOMaHoBCKOMD

J2r

Midn) = 1.454 n(dh = 1.445 Nidu) = 1.624

Puc. 1I1.4. Kputepuu cornacus [lupcona u Pomanosckoro

B pe3ynbTare auiIb OLEHKA THIOTE3 C IIOMOIBIO B3BELICHHBIX KBaIPATOB OTKIOHEHUH
H03BOJIAET HOATBEPAUTH TOT OYEBUIHBIA (AaKT, 4TO BEIOOPKA JaHHBIX HMEET PABHOMEPHOE

pacnpezeseHue.

J1Jist OLIeHKH TTapaMeTPOB BBIOPAHHOTO PACIIPEICICHUS UCTIOJIb3YEM METO] MAaKCUMAIIbHOTO

npaspononobus (puc. 111.5). dynkius npasaononoous npeacTapisieT cooon
NPOU3BECHHE IIOTHOCTEH BEPOSTHOCTH BHIOOPKH JAHHBIX O MPUHIATOMY 3aKOHY
pacnpenenenus. OyHKUUs TPaBIONOI00US MAKCUMAbHA TIPH BEPHBIX 3HAYCHHSX
MAaTEMaTHIeCKOr0 OXKUIAHMS M U CPEIHEr0 KBaJAPATHIECKOTrO OTKIOHEHHS G .



TyHKUMA Npasgonoaobna s

n _ - L m,o) = H dnorm(Xi,m,c)
L{¥,m,o) = H dlogis( ¥j,m, o o
i=1
TNorapudrrdeckan dyHKUMA Npaefonogobna LL(K ,m, o) = In(L(X,m, o))
Ha4ankeHsle NPHENKHEHWA m= 93246 o=28378

GRR  Gipneianioimn Semimawem =0 B
dm dor

ml = A2 ol =4A22 ml=25273 ol =17478

Puc. 11I1.5. Onenka napamMeTpoB BEIOPAHHOTO pacrpeAeIeHUs METOI0M
MaKCHMAaJILHOTO MPaBI0NO 00U

[IpupaBHUBast NPOM3BOJHBIE OT PYHKIMH MTPABIONOA00MS K HYIIIO U pellast CHCTEMY
YpaBHEHHUI, onpesieisieM 3HaueHuss M u G . [l nemoHcTpanuu Bo3moxHocteid Mathcad
B3siTa JlorapudmMuueckas QyHKIUS IPaBAONo00us. PelieHre nCKITFUYUTEIbHO
TPYAOEMKOMH 3a7audl (IIPH BBIIIOJHEHUH BPYUHYIO) 3aHUMAET BCEro 2—3 CTPOUKU

B Mathcad.

3TOT METO/I NPUMEHHUM TOJIBKO B CIIy4ae, €CJIM INIOTHOCTh PACIPEICIICHHSI IMEET
skcTpeMyM. OH He paboTaeT B ciy4yae paBHOMEPHOTO PacIpeAeIeHUs, U TOITOMY
MPUMEHEH K JIOTUCTHYECKOMY M K HOpMaJIbHOMY paciipeaenenuio. I[lomensiite mectamu
(hyHKIIMH TIpaBIONIOO0HS ISl THX PACTIPENICIICHAH.



[Mpumep 2. PacyeT anekTpuyeckoun uenu
NepeMeHHOro Toka

(Mporpamma 02-electro1.mcd)
B nenm, nzobpaxxernoit Ha puc. 211.01, neficTByet ncTouHnk cuHyconnanbHoi DJC
e(t) =E, sin((ot + \y) . Tpebyetcs onpenenuTs TOKH U HaIIPsDKEHUs], ASHCTBYIONINE Ha

BCEX y4YacTKax IIeIH; IPOBEPHUTH OaJaHC MOITHOCTEH M HAlTH NOKa3aHUs IPHUOOPOB.

ORIGIN = 1

il = oy = S = Sl = = S s = il

Bl m=c0-— FZ5
180

i ; 3 :
g o=l FHi S0 =50 @Ry
Puc. 2I1.1. Cxema 3J€KTpHYECCKOM LETH ¥ NCXOTHBIC JTaHHBIC [T pacdeTa

OmnpenenumM HarpsHKEHUS ¥ TOKH B BETBSX LENU 10 ypaBHeHusM Kupxroda. 3agaanm
HarpasJIeHUs TOKOB B BETBSIX U 00X0a KOHTYpoB. CocTaBisieM CUCTEMY ypaBHEHHH JUIs
KOMIIJIEKCOB JEHCTBYIOIUX TOKOB U HAIPSKEHUI:

i =iy +i3=0;

—ig 4+, +1i5=0;

Z40y + 291y = E;

Z9ly + 2303 + 2414 = E;
—z404 + 2505 =0

W 3amHChIBaeM ee B MaTpuaHOM Buze (puc. 211.2).
Pemast mpuBeneHHy0 CUCTEMY YpaBHEHHH, ONIpeaesisieM TOKH Ha yyacTkax /—5. [1o 3akoHy

Owma onpezensem Hanpspkenus, U = Iz. JIns 0oJHOBpEMEHHOTO BBIYHMCIIEHHS IONAPHOTO
IPOU3BEICHHA 3JIEMEHTOB BEKTOPOB UCIIOIb3YEM OIEPAaTOP BEKTOPU3ALHH.

E:= %-Q"” E= 118939+432%  |E| = 126572
FelleHe MaTpu4HOMD YpaeHeHnd AI=B
Lol il 0
i = 0
A=|212 0 0 0 E-lm| DEaE
E
0

0 & =y =0 O =y
0 0 0 -z z5 =)
4 1178 + 0.05421 —0.54202 + 41177961
39827 + 0.0704 11 1194309 + 2112261
I=| 013514001621 T=| —-5403296 + 0648261
—0.8105% + 0.097244 4 86194 + 40,5291
0E7549 — 008103 4 86194 + 40,5291

Puc. 2I1.2. Onpenenenue TOKOB M HAIPSDKEHUH B BETBSIX 110 ypaBHeHHsIM Kupxroda



Pemum Ty ke 3aja4y METOJJOM SKBUBAJICHTHBIX IpeoOpa3oBanuii. Halizem skBuBajieHTHOE
COTIPOTHUBIICHUE BCEH HEIH Zyomoe (PHUC. 211.3). Jamee mo 3akony Oma onpenernsem
HaNpspKEHUE U TOK MOCIEI0BATEIbHO Ha KaXX0OM yYacTKe LEMH.

PesynbTaThl pacueTa TOKOB U HANpPSKEHUM B BETBSIX LIEMH, OJTYUYEHHbIE IBYMSI METOJIaMH,
MOJTHOCTBIO coBHanaroT (cM. puc. 2I1.2 u 211.3).

Ha puc. 2I1.4 moka3aHo orpeeieHiue MOIyJIsl, apryMEeHTa 1 MTHOBEHHOTO 3HAYCHHUS TOKOB
Y HalpsOKEHUH B BETBSX LIETIH.

BHUMAHUE

Bo Bcex omepanusx ¢ BEKTOPAMH KOMIUIEKCHBIX YHMCENl HEOOXOAUMO HCIIOJIb30BaHHME
oriepaTopa BEeKTOPH3aIIUH.

Fac4yeT NonHOrg ConpoTHENSHWA Z

74 -E8 . zl-(_zg + z24_)

BlYs—— e = e e
Z4 + 5 £ +z3+ z24

z24 =

Tokn || B BETEAX W HanpAHeHwa LU

E Uiy
Iz = 10NQJ) 3= 0 G SEUNUN | 2= 001 LZ T = ——
Inamaoe Z]
JUANN] T4
ik &= T3 = 523 Ty = 5224 Iy = —
3+ 224 4
T4
ik o= ——— U = 00k
Z5
4118 + 0.054 —0.542 4+ 41.1781
398340070 119481+ 2114
O=|-0.1354+ 0014 T =| 5404 + 0.6481
—0.8114+ 0.0%% 4 8624+ 4053
0675 - 0081 4 8624+ 4053

Puc. 2I1.3. PacueT TOKOB M HalPsDKEHUH B BETBSIX METOJIOM YKBHBAJICHTHBIX IIPe0Opa3oBaHUi

0.754 4118 5.824
1013 3.983 5633
— 180 i e
arg(:[)? = 173158 | 1] = | 0.136 Ino= |42 Im=|0192
173.159 0.816 1.155
—6.841 0.63 0.962
90 754 41.182 58239
1013 118.5 168.998
=i o P
ag(0) — = | 173159 [U| = | 5.443 Uu = [U]+/2 Un=| 7.697
83.159 40.82 57.729
83.159 40.82 57.729

Puc. 2I1.4. AprymMeHT, MOyJIb 1 MTHOBEHHBIC 3HAYCHUS HAIPSDKEHUH M TOKOB B BETBSAX LIETIN

[TpoBepuM OanaHc aKTHUBHBIX U PEaKTUBHBIX MoIrHocTel (puc. 2I1.5). MomHocTs
MCTOYHUKA TOKA Sycroq JOIKHA OBITH PABHA CyMMAapHOH MOIHOCTH MPUEMHHKOB TOKA Sppyey



Tucrou = Iz Zuctod ‘= Elucrou Sucrou = 47674540 4 164 03748

180
arg(Suctou) — = 18.987 |SucTou| = 504.177
T
. 7
Snpmem = Z |:zk-(_ T ) ] Smprem = 47674549 + 164.037481
k=1

180
arg(Snpuen) —— = 18987 |Sopmem| = 504177
™

Pucroy = Re(Suctow) Pucrou = 476,745
Popuem = Fe(Sopuem) Popuenm = 476,745

Quctod = Im(SucTow) ZucTou = 164,037
CQopuem = Im{Sopuen) Gnpren = 164.037

Puc. 2I1.5. TIpoBepka GajaHca aKTHBHBIX M PEAKTHBHBIX MOIIHOCTEH

NMPUMEYAHUE

Jis  HaxXoXAEHWsS TIPOU3BEACHHS KOMIUICKCHO-CONPSDKEHHBIX UYHCEN HCIOJIb3yeTCs
0COo0BIi OmepaTop, BHI3BIBAEMBIH Ha)kKaTHeM KJIaBUIIM " (KaBbIUKH). J[JIsi HAXOXKICHHS
MIPOM3BEICHUS] BEKTOPOB KOMILJICKCHBIX YHCEI UCIIONB3YETCSI OTEPATOP BEKTOPH3ALIUH.

Jlanee BbIYMCIIsIEM aKTUBHYIO MOIIHOCTD P KaK A€HCTBUTEIbHYIO YaCTh MOJHOW MOITHOCTH
S ¥ peakTUBHYIO MOITHOCTh () KaK MHUMYIO 4acTh MOJIHOM MOIIHOCTH S.
JelicTByromye 3Ha4eHUs] TOKOB U HANpsKEHUM B BETBSIX LENU NpUBeaeHbI Ha puc. 2I1.6.

41.182

4.118

— W2 3.983

Uneiicte = | |U| | Uneficte = | 5443 T mem m Inetiors = | 0,136
40,82 0.816

40,82 0.68

Puc. 2I1.6. [lelicTByromnye 3Ha4eHUs! TOKOB U HAIPSDKEHUN B BETBAX LENU

PacuerHble nmokazaHus mpuOOPOB, MOJKIIOUCHHBIX K LIENH, B MECTax, IIOKa3aHHBIX Ha
cxeme rienu (cM. puc. 2I1.1), npusenens Ha puc. 2I1.7.

BONLTMETPA Uw = |U5| Tw = 4082 BONBT

AMIIEPMETRA I = |I2| Ia = 3983 arnep
- e 180

BATTMETPA $13 = arg(IjJ = arg(Ul] $13.— = B82.405TPEA
el s e

Pw = Igefictes Ugeiicte | -cos(dh13) Pw = 0741 BATT

Puc. 2I1.7. Pacuet nokazanuii npuOOpOB, BKIIOYECHHBIX B 1eTb (cM. puc. 211.1)



[Mpumep 4. [NepexogHble npoueccehl
NPy KOMMYyTaLUMN 3MEKTPUYECKON LIENU

(Mporpamma 03-electro.mcd)

[TepexomHble MpoLECChl MPU KOMMYTAIMH 3JIEKTPHYECKUX LETICH ONMMCHIBAIOTCS
JMHEHHBIMU HEOTHOPOAHBIMH AU(depeHIanbHbIMU ypaBHeHUAMHU. COCTaBIIsAETCS
cucrema ypaBHeHui 1o 3akoHam Kupxroda /s MrHOBEHHBIX 3HaYE€HHI TOKOB U
HanpspKeHUH B 1ien rociae KoMMyTanuu. K a3TuM ypaBHEHHSIM 100aBISIOTCS] ypaBHEHUS
CBsI3U. 3aTeM IyTeM IOJICTAHOBKH CTPOSTCS U epeHIHanbHble YpaBHEHHS.

B npumepe paccmarpusaercs uens (puc. 311.1), coneprxanias ICTOYHUK TOKa F, KATYLIKY
WHIYKTUBHOCTH L, 1Ba conpoTuBiicHus, R1 u R2, kounencatop C v pyOWIBHUK.

L R1
e I
E® R2 v/(‘ ln
Y2 C

Puc. 3I1.1. Cxema 37eKTpUUECKOM LU

Cucrema ypaBHEHHH JUI Hallel IENH B COCTOSIHUM MOCJIE KOMMYTAIIH NUMEET CIIEAyFOIHH
BUJL:

O B pa3OMKHYTOM COCTOSIHHMH:
i2 = 0,

. dUc
13 —_ -
dt
Q0 B 3aMKHYTOM COCTOSTHUH:
1y =19 +13;

di . )
E = Li+1‘%111 + Ryly;

U,
13 =C——-.
dt

[Tyrem nmoacTaHOBKH BBIpa)KeHUH APYT B APYTa MOJydaeM CUCTEMY ABYX YPaBHEHUH
MIEPBOTO TOPSAKA

U0 B pa3OMKHYTOM COCTOSIHHMH:

Q0 B 3aMKHYTOM COCTOSTHUH:
di . .
L7t1+ Rji, + Ryiy = E;
dUe . Ug

=i .
d ' R,
I'panuunbie yenosus npu ¢ =0 :
O nepexn kommytauueit — i(0) =0, U, (0) =F;

dt

R,

a Lenb e1le 3aMKHyTa — =4z
R, +R,

=0, Uc(o)

>

O wmens enie pa3soMKHyTa — 1 (O) = m “Ta



Pemaﬂ le/IBeIleHHLIe ypaBHeHym, MO>XKHO HaﬁTH ImaaCHue HaHpﬂ)i(eHl/Iﬂ Ha KOH)ZleHcaTOpe
U, n TOKH i, i, i3 BO BCEX BETBSIX DICKTPHIECKOMN IEITH.

nst perennst auddepeHInaTbHBIX YpaBHEHN#H uemonb3oBana Gpyukiws Odesolve.
Hanomunwm, pyuakuus Odesolve umeer Tpu napamerpa. B 0603HaueHusx npumMepa t —
apryMeHT, 1o KoTopomy auddepeHupyercss GyHKIus, ¢ — MpaBas TpaHnIa
UHTETPUPOBAHUS (JIeBasi IPaHKLA 33aeTCs B IPAaHUYHBIX YCIOBHAX BHYTpH Olloka given—
Odesolve), 100 — 4ucio naroB HHTErpUpOBaHus (He0Os3aTebHBIN MapaMeTp).

[Ipu pemerny HaMX ypaBHEHUI HE0OA3aTEIFHBIN TapaMeTp OKazaucs 00sS3aTeTbHBIM.
Bes3 3amucu storo mapamerpa Odesolve He MOXKeT PeIuTh 3aJaHHbIC YPaBHEHUSL.
YcraHoBUTE Kypcop Ha MMsl QYHKIIMU M HAXMUTE MIPaBYI0 KHONKY MbIIH. OTKpoeTcs
KOHTEKCTHOE MEHIO, B KOTOPOM MOXHO BBIOpaTh crocod pemenus ypasaenus: Fixed (C
¢dukcuposannbiM marom), Adaptive (C nepemennsim miarom) miu Stiff (Kak sxectroe
mddepeHnanbrHOe ypaBHEHHE).

CMeHa MeTo/la MHTETPUPOBAHUS HHOT I [TO3BOJISIET PEIINTh ypaBHEHHE, HO HE B HAIIEM
cirydae. Mathcad BeimaeT coobmiennst 00 ommoKe — Ka)XIblid pa3 pa3Hbie, HO aOCONIOTHO
OecrionesHble, TaK Kak 3TO OTKJIMK Ha BHYTPEHHHE MPOIIECCHI, HEM3BECTHBIE TOJIb30BATEITIO,
CBSI3aHHBIC C AJITOPUTMOM PEIICHHS 33/1a4H.

Tonpko mpu BBOAE YMCIIa IATOB MHTEIPHUPOBAHMS PEIICHNE MOSIBUIOCH. BBeieHne
60JIBIIIOrO YKCIIa IIaroB YacTO MPUBOAUT K BEpPHOMY pemieHnio. B Hamem ciydae 10 mraros
JIAl0T HEAOCTAaTOYHO TouHoe pemienue, a 100, 1000 u 10 000 maros Bo3BpaiaroT
a0COJIFOTHO OJJMHAKOBBIE BEPHBIE PEIICHHS.

Ha puc. 311.2 npuBeneHo penreHue qudpepeHInaibHOr0 ypaBHEHHs BTOPOTO MOPSIIKA pU
pa3MbIKaHHH 3JIEKTPUYECKOHN LenH. B BepxHel yacTi pucyHKa NPUBEAECHBI HCXOIHBIC
JIaHHBIE JUIS pacyera.

Rl1:=10 R2=20 L:=002 C:=5010 6E =100 t1:= 0.02

FasmelKaHe

2
L@ R el e U B
2 dt

a
R2
(0 = 0 B0 = aa
= O = tirrz

t1
U = Odeselve(t,t1, 100) o0 g R
dt

100

200
150
50

i(t). 100 B %\
e

wa s Es b %
-50
-100

t-1000
Puc. 3I1.2. HanpsbxeHue Ha KOHIGHCATOPE U TOK IIPU Pa3MbIKaHUM LENU

Ilpwu pasoMkHyTOMH enw TokH iy =0 U iy = i3, H03TOMy Ha puc. 3I1.2 npuBeneH rpapux

JIMIIb OJJHOTO TOKAa M HAINPSDKEHUS Ha KoH/eHcaTope. Kak BUIHO U3 rpaduKoB,
MepexoIHbIe MPOLIECCHI B LIETIH 3aTyXaroT mpumepHo yepes 0,02 c.

Ha puc. 311.3 npuBeneHo penienue cucreMsl A hepeHIHaIbHbIX YPaBHEHUH IpU
3aMbIKaHHH JJICKTPHIECKOH Lenu



JAMEIEAHHE

10 ? i Rl
Gven LCEU@m+|[R1C+=Sum+[=+1|Um=E
2 R2) at Rz
dt
T'(0) = 0 U0y = E
U = Odesolve(t,t1,1000)  t:= 0,1..t1
100
_ d : : s U
ity = C UM 11 = () + —— A 2
c(t) - ) = = @ ==
500 9
400-
U(t:l 3DD - e i)
i()-100 5gq
s
£2()-100 5o
i:(f) 100 cccloae
seses 8§ I LB B B B F OB P 10
1001 Sepee®
-200
£-1000

Puc. 3I1.3. Hanpsbkenue Ha KOHICHCATOPE U TOKH B BETBAX LICTH P €€ 3aMbIKaHUH

U3 npuBeIeHHBIX paHee YeThIpeX HCXOJHBIX YPaBHEHHH MOYHO COCTaBHTh OJTHO
ypaBHEHUE BTOPOT'O MOPSIKA WM JBa YpaBHEHHS IepBOro nopsaka. [Ipu pasmpikaHun
LeTIH PEeIIagoch OQHO YPaBHEHHE BTOPOTO MOPSAIKA.

YrtoObl IPOAEMOHCTPUPOBATH Bo3MoxkHOCTH (pyHKImn Odesolve, npu 3aMbikanny (HITn
Pa3MBIKaHUH) LIENH PEIIaeTCs CUCTeMa U3 ABYX AU depeHInaIbHbIX YpaBHEHHUI

(puc. 311.4).
. e 3ameHuTe ninboe

Pasmblkadne 1100} = o ' =0 Layanuuoe YCNoBUe
Given Lil'(t) = -R141() - T + E

CU =115

E2
T =0 Ty =E.
= o E1+E2

U U
[J;: Odesolve{[.lj,t,tl,loﬂ} i) =il 20 =0
il 1

FamennTe Nioboe — .
AaMblaHre rpaHuuHOe YCnoBue irw=d To=4d

Given L4l = —R141(8 - Ut +E

CU = il() - %

U(0) =

U U
[ﬂ] = Odesolv{[ﬂ],t,ﬂJoo} i = c-j_tU(t) 20 = %

Puc. 311.4. Pemenne cuctemsl qudhepeHINATEHBIX yPaBHEHUH

B kauectBe mapamerpa ¢pyukimu Odesolve BMecTo 0IHOT0 apryMeHTa BBOJUTCSI BEKTOP
13 IByX apryMeHToB, U u i;. B kauecTBe rpaHUYHBIX YCIOBUHA MOKHO MCIIOJIb30BaTh
moGBIe 1BA W3 YeThIpeX HauanbHbX yenosuit, i (0)=0, 71 (0)=0, Uc(0)=0 un

Ur (0) = E . TlomewnstiiTe HauallbHbIC YCIIOBHS. Pe3ysbTar ciierka MeHseTcs B IIEpPBYIO

MUKPOCCKYHIY, HO B [[aJ'II:HeﬁHICM mponecc coBmaaacT.
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[TockosabKy npH 3aMbIKaHUU TOKH B BETBSIX pa3IM4HbL, Ha rpadukax (cM. puc. 3I1.3)
IIPHUBE/ICHBI TOKH BO BCEX TPEX BETBSIX. Pe3ynbTaThl pacuera Npu pelieHu: OJHOTO
muddepeHraNbEHOr0 ypaBHEHHs BTOPOTO MOPS/IKa U JIBYX YPaBHEHHH IIEPBOTO MOPSIIKa
COBIIQJIAIOT U MPHUBE/ICHBI B JJICKTPOHHOM KHUTE.

NMPUMEYAHUE

[pu pemennn muddepeHnuaibHbIX ypaBHeHU B Mathcad 13 — 15 ycraHOBUTB Kypcop
Ha Ha3Banuu ¢yHkuun Odesolve u B KOHTEKCTHOM MeHIO (NMPU HaXaTHH MPaBOil
KJIABHILIH MbIIIN) BbIOpaTh criocob pemenus fixed nnu adaptive.
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[Mpumep 4. KuHematnyecknn aHanms
KynaykoBOro MexaHmama

(Mporpamma 04-kulachok.mcd)
B xauectBe npuMepa 00pabOTKU IKCIIEPUMEHTAIBHBIX JAHHBIX IIPHBOMUTCS ONpEeIeHHEe
YIJIOBOW CKOPOCTH U YIIIOBOTO YCKOPEHUSI KOPOMBICIIA ra30pacipeeHTeIbHOTO
MeXaHH3Ma JJBHTaTeNsl BHYTPEHHETO cropanus. McxoqHbIe TaHHbIe JUI pacdyeTa oIy YeHbI
IyTeM 9KCIIepHMEHTa (MHOTAA UX MOY4YaloT CHATHEM KOOPAMHAT TOUCK C YepTexa Mocie
rpaduIecKoro MOCTPOSHH) U IpUBEACHEI Ha puc. 411.1.
J71st 5JKOHOMUM MeCTa B JOKYMEHTE BEKTOPHI U3 34 YHCell IPEACTABIEHb] B BUAE CTPOK, a
He CTONONOB, 110 17 uncen B cTpoke. 3aTeM OHU 00BEJUHEHBI B €IMHYIO CTPOKY H
TPaHCIIOHUPOBAHBI B CTOJIOCI, Tak Kak Bce ¢yHkiuu Mathcad paboTaroT TOJNBKO CO
CTOJIOLIAaMH YHCENl, HO HE CO CTPOKaMH.
B stom npumepe ORIGIN = 0.

Yron NoBopoTa kynadka ¢ B rpagycax

dl:=(0 5 10 15 20 50 80 100 140 145 130 155 160 165 170 175 180 185)
G2 = (150 210 240 270 300 305 310 315 320 325 330 335 340 345 350 355

- N T
43 = avgment(¢1,¢2) = E stom npumepe ORIGIN=0
Yron NOBOPOTa KOPOMbICNE B rpajycax

wl = (140 162 165 170 172 171 170 170 170 170 164 146 114 32 62 47 35)

w2 o= (26 19 14 15 15 15 15 17 22 30 40 54 &7 B2 96 112 127)
W3 = augment( w1, y2) il = 1|J3T
nepeeof YINoE B pagnadel ¢ = ¢.i W= w-i
180 180
Hucno zamepoe 34 n= 33 i=0.n

Puc. 4I1.1. MicxonHble 1aHHBIE K pacyeTy

Jnst onpenienenus yriaoBoi CKOPOCTH U YIIIOBOTO YCKOPEHHS MacCHUBBI HCXOIHBIX JaHHBIX
HaJi0 IPEeBPaTUTh B QYHKINH, KOTOPBIE MOXKHO T (epeHInpoBaThb.

BHauase aprymeHT — yroJi IoBopoTa KyJjiayka — MpeBpaiiaeM B (yHKIHIO BPEMEHH.
Kynadok Bpamniaercs ¢ mocToSHHON CKOpocThio. Ero yriioBast cKOpocTs @ 3a/aHa B HAIIeM
npuMepe rI00aibHO 0KoJIo rpaduka, YToObl, M3MEHSISI 3HAUCHUST  , HAOII0IaTh Ha
rpaduke U3MEHEHNE pe3yJIbTaTOB pacyera.

VYron noBopota Kynaduka ¢ = ®¢ .Uto0Obl HOCTPOUTH rpadyK [yis OAHOTO TOJHOrO 000poTa
KyJlauka, Haiiien nepuos Bpamenus ' = 2n/w.

MaccuB yriioB oBopoTa KOPOMBICIIA IIPEBpalLIaeTcs B QYHKIHMIO IIyTeM KyOU4ecKon
CIUTAH-MHTEPIOJISIINY.

MaccuB BTOPBIX IPOW3BOIHBIX (DYHKIIHH, UCTIONB3YEMBIH NP CIUTAHH-UHTEPIOISLIH,
MO>KHO 33]71aTh GyHKuusiME ISpline, cspline u pspline (cM. riaBy 7 OCHOBHO# KHHUTH) WITH
GbyHkumsiMu perpeccuu regress u loess. B nannom mpumepe QyHKIMH perpeccuu
MPUCYTCTBYIOT, HO BHIKJIIOUEHBL. UTOOBI BKIIIOYHUTH UX, HAIO IEIKHYTh Ha BRIPAXKCHUH
NpaBOi KHOMKOM MBIIIN ¥ B OTKPBIBIIEMCS] KOHTEKCTHOM MEHIO YCTaHOBHUTH (JIasKOK
Enable Evaluation (Paspemuruts Berancienue).

Crenyer OTMETHUTD, YTO (QYHKIUHU PETPECCUH MPEATIOYTUTEIHLHO UCII0JIB30BATh IS OoJiee
raakux GyHKud. s Hamreit moyty cryneHyaroi ¢pyHKIuM Oosee OJIM3KHUI K HCTHHE
pe3ynbTat AaloT (PYHKIMH HHTCPHIOISIHH.
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CBA3b yrna noeopoTa Kynavka ¢41 ¢ yrnoBoi CKOpocTbio @

E—WITN = 2-E T = 0628 1) = t-a
o
T
m=5 t=0—_T
i

MpeocbpazoBaHMe MacCUMBa YIrNOB NOBOPOTA
KopoMbicna y B thyHKUMK yri(t)

HHT2RNONALKWA : T y A
fez crnakrEaHd s Wiit) = mterp [\lsphﬂﬁ[ﬂb : W] Jur (t)]

interp[:regress[:cb ,w,5:] . ,w,d)l(t):] i

DYHKLMK perpacciu Hkiele

OTKTHHEHEI W) = imterplloess(¢,w,0.2) ¢, w,4100) *
HHT2PNONALMS sup '= supsmoothl ¢, yr)
CO CIMEBHUBAHUEM : aoae i =
OTKAKYEHS W1t = mterp splinel 4 sup) 4, sup, $1(1))
yrnoBas cKopocTb KOpoMbIcna DuieplD) = iwl(t)

dt

£
yrnoBoe yCKopeHWe Kopombicna Exop(t) = —5 WD

dt

Puc. 4I1.2. Onpenenenne yriaoBoi CKOPOCTH M YTIIOBOTO YCKOPEHUsI KOPOMBICTIA

[Nomy4eHHyI0 T€M MM HHBIM CIIOCOOOM (PYHKIIMIO YTIIOB TOBOPOTA KOPOMBICTIA
MOCJIEI0BATENLHO TU(depeHIpyeM IBa pa3a, ONPEesisl yTIIOBYI0 CKOPOCTh U YIIIOBOE
yckopenue (puc.41I1.2), KoTopble Hy>KHBI B TATbHEHIIEM IS ONIPENICIICHNS CHII MHEPLINH,
JEUCTBYIOIINX Ha MEXAHU3M.

PesynbraTsl pacyera ¢ UCIOIb30BaHNEM (DYHKIMH HHTEPHOIALUY NPUBEICHBI HA

puc. 411.3. I'papuk QyHKIIMM HHTEPIOIALNH IPOXOINUT Yepe3 BCE IKCIIEPHUMEHTAFHBIC
TOYKH (TI0 ONpeAETICHNUIO0 HHTEPIONALnH ). OyHKIIMH PErpPecCUt CTIaKUBAIOT UCXOAHBIC
JTAaHHBIC 1 HEMHOTO MCKaKAIOT 33JaHHBINA TpaduK MepeMeIIeHHUHA.

B kpaliHux Toukax JBUXKECHHS KOPOMBICIIA IIPU NIEPEMEHE HAIIPABJICHUS JBUKCHMUS
YCKOpEHHE MEHsET 3HaK (npereprieBaeT pa3phiB). [Ipn yBenmueHnn 4ucia ToueK H,
CJIE/IOBATENIFHO, YMEHBIICHNH 11ara AngGepeHIMpoBaHNs pa3pblB CTAHOBUTCS OoJiee
SIBHBIM M IIMKH Ha Tpaduke yCKOpPEHHs BO3pacTaroT.

¥i 4 [

0 : lol@l..@n@..o. | r‘r:\
wl(t:l ]
s e 0 e B I N . “ho_‘\--‘\u_f&f_v’
mrcc-p(t)'n-l . v
L1 _2 —

Exop (1) -0.002

0 30 a0 90 1200 1500 1800 210 240 /0 300 330 360

180 180
bi— . $1(t)—
T T

Puc. 4I1.3. Pe3ynbTaThl pacdyera ¢ HCIIOIb30BaHUEM (YHKIMH HHTEPIOISLUN

Ecnu onbITHBIE 3aMepBI BBIIOJIHSIOTCS C OOJIBIION OTPELIHOCTHIO, TO JUIS CTIIaXKUBAHUS
OTIBITHBIX JIAHHBIX MOKHO NPUMEHNUTH PyHKIMH criaxuBanus. Ha puc. 411.2
MHTEPIIOJLIIUS CO CIIIaKUBaHUEM, KaK M HHTEPIIOJISILMSA C perpeccreil, OTKIIIOUeHa.
BrurrounTe Hy)KHOE BBIpaKEHHE M IIOCMOTPHUTE Ha 3P (EKT CrilaKMBaHU HCXOIHBIX
JIaHHBIX.

C TOi1 e 1eNbI0 MOXHO UCIIONIB30BaTh pazioxenue GyHkuuu B psig Dypwe (puc. 411.4).
ITpu 5TOM BEIOMPAIOT JIMILIL FAPMOHHUKH, HAN00JIee CHUIIBHO BIUSIOIINE HA PE3YNIbTAT, TO
€CTb Te, Y KOTOpbIX koaddurment dounbie. Ha puc. 411.5 u 411.6 npuBeneH pe3yiabrat
pacueTa ¢ MCIIOJIb30BaHUEM JIUIIIb TPeX FApMOHUK U3 34. Y oCcTalIbHBIX TApPMOHHUK
koa(dunmeHT pas B 20 MeHbIIe.

OO6patuTe BHUMaHKE Ha TO, YTO TpsiMoe mpeobpaszopanue Pypwe (Gynkims cfft) BeiBomuT
3Ha4YEHHS B BHJIE KOMIUIEKCHBIX 4ncesl. UTOObI NOIyunuTh KO3 (GHULMEHT epes KOCHHYCOM,
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HaJ0 HaNTU MOAYJIb KOMIIJICKCHOI'O YHrcCJia. HOCKOﬂbe MbI XOTUM HaUTH MOAYyJIb JJId BCEX
YHuCeJI BEKTOpa HCO6XO,HI/IMO HCIIOJIB30BAaTh ONIEPATOP BEKTOPU3AIUU C ITAHETIN MaTpHIL.

O6parHoe npeodpazoBanre ypbe BHITOIHIETCS TOJIBKO AJISl TAPMOHHK C

ko3 durreHTaMu K, yI0BIETBOPSIOIINMH 331aHHOMY YCIIOBHIO (B JJAHHOM IIPUMEpe
k> 3).

Oynukiun npeodbpazopanns Oypbe Bo3BpamaoT MaccuB. UTOOBI IPEBPATHTH €TO0 B
(YHKIHIO, MCTIONB3YETCS HHTEPIIOIIALIHS.

Iocnenyromee nuddepeHnrpoBanne HaWACHHONW QYHKINHU TI03BOJIAET ONPEICTUTh
YIJIOBYIO CKOPOCTH U YIJIOBOE YCKOPEHHE.

MNpeobpasoeaHue Dypbe

fiepem TONBKO rapMOHWKK Y KOTOREIX

p— kKoadochuUpeHT A = K (NOMEeHARTe 3HaYeHne k
Mpamoe & = cftly) Jull et )

i =5
j=0.n Adj= |4 |4 >k
0 otherwaze
_
DEpaTHoe Wepypre = icft(AL) Wipypre = |w¢ypbe‘
T
o S T=0628 I =tw@ nn:=350 b= T
3] 1
MNpeobpazoeaHWe MaccHBa B hyHKLMKO
wi(t) = interp| copline( ¢, Wpypre ), ¢, Waypre 9108
yrnogad cKopocTb KOpoMbicna Dyopll) = iwl(t)
dt
d2
YrNOBOE YCKOPEHWE KOpOMBbICHa Egopll) = _zwl(t)
dt

Puc. 4I1.4. Vicnionp3oBanue pasnoxeHus B psag Oypbe A CriaaKMBaHUS ONBITHBIX JaHHBIX

4 KO3 BULMEHTE!
pALa dypee A
e 10
J
L 2.4 = 8
e { 14
i 6
yl{t) 16 . oJo
L) k > Iy
0.a o
2
Lo )
0 1] a0 160 240 320 400 08 16 24 32 40
i 1) J
deg” deg

Puc. 5I1.5. Beibop koaddunmenToB psiga Oypse
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i 4

o i@il@@....
vl : | 7 1‘?
TR 0 PN 9 . - 5__&
onp(t:"u-l ' \\' '
-2

N Py
& xap(1)-0.002 P e
i
_80 i a0 90 120 150 10 210 240 270 300 330 360
b $liE)
deg’ deg

Puc. 4I1.6. Pe3ynbraTsl pacuera ¢ HCIIOIb30BaHUEM pa3IokeHHs B psia Oypbe

B pesynbrare pacyera MUK YCKOPEHUH OKa3aJIMCh CTIIaXKEHHBIMH, HO TpaduK
MepEeMEIIEeHISI HECKOIBKO OTIMYASTCS OT IKCIePUMEHTANBHOTO (cM. puc. 411.5), garo
HEXeaTenbHO.

OnTuManbHEIM METOJIOM pacyeTa B JaHHOM IpHMepe SABISETCS UCIOJIB30BaHUE
MHTEPIOJILIINH CO criaxuBanueM (puc. 411.2).
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[Mpumep 5. [IBMKEHME OBYX MALUMH MO MOCTY

(Mporpamma 05-most.mcd)
3T0T npuMep He NpecTaBisieT 0cO00To MHTEepeca C NPaKTHUeCKOor ToukH 3peHus. Ha Hem
g X0Tel Obl IPOAEMOHCTPUPOBATH BO3MOXHOCTH HCIIOIb30BAHMA B IporpaMmax 0Joka
pernrenns cucreM ypasaenuit Given—find u yger pasmeprocTeit B iporpammax. Borpocs
9TH TasT B cebe MHOTO CIIOKHOCTEH.
JlBe MaIIMHBI MAaccol 711; ¥ 7, BBEIKAIOT HA MOCT C Pa3HBIX CTOPOH M B Pa3HbIE MOMEHTHI
BPEMEHH / CO CKOPOCTSIMH Vv H v,. Onpenienuts nporub MocTa 1oj| Harpy3kou u
HauOOJIbIIINE Halps>)KCHUA B OaJIkax MOCTAa B 3aBHCHUMOCTH OT MOJIOKEHHS MAIINH Ha
MocTy. Cxema MocTa o1 Harpy3Kkoil Beca MalInH nokasana Ha puc. SI1.1. Onopsr MoryT
HaXOJUTHCS MO KPasiM MOCTA WK OBITh CMELICHBI, TI03TOMY, KPOME JJTHHBI MOCTa L,
3a1aHbl PACCTOSHUS OT Kpasi MocTa 10 orop L, u L.

71 i)
— - 4
ml m | ' | me
Ly, S g F: E
LF1
X
= =
Lra
Lp
L

Puc. 5I1.1. Cxema MocTa 1oJ| Harpy3Koii Beca IByX MalluH
B sToM mpumepe, 9TOOHBI OIIeHUTH BO3MOXKHOCTH Mathcad, paccMOTpUM HECKOIBKO
BapUaHTOB pacyera:
Q ¢ yuyeToM pa3MepHOCTEN;
O O6e3 yuera pa3MepHOCTEI];
O c HCHOJIB30BaHMEM MAHENN IPOrPAMMHUPOBAHHUS;
O 0e3 MOMOLIM NPOrPaMMHUPOBAHHUSL.

Hecymast KOHCTpYKLIMSI MOCTa MIPEACTABIISIET COOOM JIBE IByTaBPOBBIE OAIKH BBICOTON
20 cM, IOKPHBITHIE AEPEBSIHHBIM HACTUJIOM. [Ipy MOCTOSIHHBIX, HO Pa3HBIX CKOPOCTAX U
JIBUKEHHS MAILMH BpeMs TIpoe3/a MauiuH o mocty I’ = L/v, rae L — jnmHa MocTa.

MaruHbl BbE3)KalT Ha MOCT HE OJJHOBPEMEHHO, a co cauroM 1o Bpemenu AT . Ha mocty
HaxoJsTCsl BHayaje OJlHa lepBas MallllHa, 3aTEM JBE, 3aT€M OJHa BTOpPasl U, HAKOHEL], HET
HU OJTHOY MaiuHbl. MicXomHbIe aHHbIe /Ui pacueTa npuBeieHsl Ha puc. SI1.2.

IL = 1) ANKHE MOCTE B MeTpax

MaEcca MalkH B KT CKOPOCTH ABMH2HWA MallkH B MiCEK
il =0 me = ol V=2 W2=3
g=981 Fl=-mlg F2:=-m2g BSCMalMH

(Mono#MTENLHAA HAMpY3Ka - BESDY, OTPHUATENEHAR - EHW3)

Ly =2 Lp =8 paccToaHuda 40 ONop MOCTa B MeTpax
ETORAA MAlLMHE BLEBKAST Ha MOCT ok R
ali=l e lcej:a AT CekyHO Nocne Nepeoh SRl
P KyHA P HCXOOHBIX AaHHLD)
EE =1 MAaWHHEI &0yT Apyr 38 OpyTom e
EE = -1 WAaWHHEI 0yT HaECTpEYy Apyr ApyTY s
MOy KIHME, MOMEHT HHEPLMH H
MOMEHT CONPOTHENEHHA CRYEHHA MOCTa
11 i -5 4 -4 3
E =210 2 J:=2010 " m W= 2010
i

Puc. 5I1.2. McxonHble JaHHbIE Ui pacyeTa

[Ipu craTHdyeckoM IPHIIOKEHUH HArPy30K pacyeT MOCTa Ha IPOYHOCTh U KECTKOCTh —
3ajaya npocras. | 1aBHas CII0KHOCTh — HAWTH 3aBUCHMOCTb TOUEK IPHIIOKEHHSI HArpy30K



OT BpeMeHH. BeslmunHy Harpy30k 3aIuchiBaeM ¢ TIOMOILBIO OTIepaTopa YCIOBHS: MallliHa
Ha MOCTY — €CTh Harpys3ka, chexajia c MocTa — HeT Harpy3k (puc. 5I1.3). Ha sTom xe
PHCYHKE OIpeelIsieTCsl 3aBUCUMOCTh TOUCK NPHIIOKEHHST Harpy30K Ly OT BpEMEHH.

BpeMA T nepeesia Yepes MocT obeux MaLLKH

L

Tl = = T2:=&T+£ 16 =B | T G ER T 2 T=35 cex
W1 W2

T2 otherwise

MalWKMHE Ha MOCTY - eCTe Harpyaka, MallHs Crexansa C MOCTE - HeT HarpyakM

FI(t) = |F1 f 0=t =Tl F2(t) = |F2 f AT=t< T2

0 otherwze 0 otherwze
nonoaeHWe MalkH Ha MocTy B MOMeHT BpeMeHK t
v2.(t— AT) £ KE = 1

L-v2(t—AT) ¥ KK = -1

Lriity = V1t  Lp2it) =

Puc. SI1.3. Onpenenenue Harpy3ok /' ¥ TOYEK UX NPUIOKCHUS Ly BO BPEMEHH ¢

Jo aroro MomeHTa (BKItounTenbHO) B Mathcad-nokyMeHTa He 3aBUCHT OT criocoba
pacdera (C UCIIOIB30BaHUEM NAHETIH IPOrPaMMHUPOBAHUS WK O€3 HEE, C YUETOM
pa3mepHocTeil i 6e3 ux ydera). B manpHeieM BCTaeT 3a/1a4a Ipy 3a1aHHOM 3HAYCHUH
BPEMCHHA Zpeﬂll/ITb 3aa4y CONPOTHUBJICHUA MaTEPUAJIOB: OINPCACIUTG BHYTPEHHUC YCUIIUA
(u3rubaroiyii MOMEHT M TIONIEPEYHYIO CHITY), MPOru0 OalloK Mo Harpy3Koi Beca MalllnH.
Bort 31€ch 1 HAYMHAIOTCSl pACXOXKCHHUS B pacyeTax.

511.1. PacyeT c ncnonb3oBaHMemM naHenm
nporpaMmmMmpoBaHnst, Ho 6e3 yyeta pasMmepHOCTEN

Pacuer BHyTpeHHMX ycuiuii U mporuda 6anok odopmileH B Bue (PyHKIUHI MONb30BaTEIs
(puc. 511.4 u 5T1.5). Pacuer MakcUMabHBIX HANPsHDKEHUH B OITACHOM CEUSHHH 0allOK MOCTa
odopMIIeH B BUAE MOAIPOTrpaMMBI-GyHKIUH (puc. SI1.6).

HNarnbarowmin momeHT M 1M nonepevHas cuna Q

M(Ra,RB.%,t) = [Ra(x-La)(x2 La) +Rp-(x-Lp) (22 Lp) ] .. |

+F1(8) (2—Lp1(t) ) [z = Lpy (1)) + F2() (2 - Lpz(t) ) {2 2 Lpa(9))

Q[\iRA,RB,x,t?] = [RA-(X.:_“ LA) +RB(X > LB]] .
+P1(t)-[_x = LFl(t)_] + P2(t)-(_x = LFg(t)_]

Pac4yeT peakumid onop mocTta
Egp =0 Egp =10

t:=0 HavaneHos NPpUBNHeHre No BpereHk, Bea KoToporo
He paboTasT BelMMCIMTENEHEIR Bok

Given ~ M(Ra,Rp,L,t)=0 QR4 Rp,L,t) =0

R(Y) = Find(Rs,Rg) Ra =Ry Rp:= R

Puc. 5I1.4. OnpezencHre BHYTPEHHUX YCHINN B Oankax MocTa

OnpeaeneHne nporkba 6anky MeToAOM HaYanbHbIX NapaMeTpoB

YPaEHeHWe YNEYrOA NMMHrK Bank Nog Harpyakor)

- - R
EJu[_RA,RB,X,ug,BD,t_] = E-J'-ug+E-I-GD-x+RA-?-I:_x =) LA_] +RB-?-(X = LB_]

=1L 3 . =1L : ;

+F1(t)-%-[_x = Lﬂ(t)_] + P2(t)-@-[_x = LFg(t)_]

onpefeneHie HadaneHeX NapamMeTpoB

up=0 8p=0 Given EJufRA,RB,LA,uD,BD,tI] =10 EJufRA,RB,LB,uD,BD,t-] =i

_ o . (-0.008
R4, Rp,t) = Find{ug, 8 w(ERa,RE,t) = i

Puc. 5I1.5. Onpenenenne nporuba 6aqok MOCTa MOJ HATPY3KOH



ﬂO,D,I'IpOI'DElMMEi pacHeTa MakCHManeHBX

HWCno pacyeTHeX TOYEK B HanpHeHWA B Bankax mMocTa
Tporparte W War pacyeTa
MOMEHARTE 1) mexC (MM = | M1 maz(MND
M2 «— mun (NN
B280 A=~ mo BpeMEHH i
K Moz < | M1 M1 = M2
El=10 Az = % no AMKHE MOCTE M2 otherwise
bo:l match[_MmaX,hM]n-&x
Mmax
D) = ————
W

[ My x maxo |
Puc. 5I1.6. Pacuer MakcuMalIbHBIX HAIPSDKEHUI B OaJIkax MOCTa

U= | for je0. K

b Aty

"onpemEneHEE DearIHE oIop”

ERE « Rit)

R« RRQ

Fp < ERy

for 120 K1

¥ e N

"HETHE AR MOMERT"

Mli,j < M(Ra,RB .=t

"PACHET NEpEMEI]EHI"

Je uu[jRA,RE,,t:I

upge Up

Bps 1

EJu(Ra, Ra,%.u0,60.1)
EJ

L s

"pacyeT MAaKC. HaOpaHeHm"

X - KOOpAMHATA X

0o e— maxu:r[:l'u'l l(j)-]

] : /1 ONACHOrD ceMeHyA Banku

Opnas, < ‘maxg[__m 1<J>.-| 2‘
]

(Ml X X U Umax1

P
Puc. SI1.7. I'onoBHas nporpamma pacueTa IpOYHOCTH U KECTKOCTH 0alloK MOCTa

[TocnenoBaTeTPHOCTH PACYETOB OMICAaHA B TOJIOBHOM mporpamme (puc. SI1.7).

B pesynbTare ee paboThI (OPMHUPYIOTCS MAaCCHBBI BEIXOTHBIX JaHHBIX. [I0CKOIBKY BCe
BEJIMYMHBI H3MEHSIOTCS 110 JUTHHE OAIOK M 10 BPEMEHHU, He00X0ANMO 3a1aTh YHCIIO0
pacUeTHHIX TOYEK I10 JUIWHE U 10 BpeMeHH (cM. puc. SI1.6, cresa), a B roJIOBHOM
MpOrpaMMe UCTOJIB3YETCs IBOWHOM BIIOKEHHBIN LUK IO JUTHHE (TI0 [) U 110 BpeMeHH (110
7). Anst Kaxktoro 3HaYeHUs] BpEMEHH ! OTPEISIISIOTCS 3HAYSHUS BCEX UCKOMBIX BEJIMYMH 110
JuinHe 6anok 0 <x < L.

B Hauasie rosoBHOM NporpaMMbl OTKPBIBAETCS LUK 110 BPEMEHHU M ONIPEIEISIOTCS
OTIOPHBIE PEAKIMU BHI30BOM HOATIPOTpaMMEI R(1).

BHyTpH nporpaMMHOT0 MOJYJISE MOTYT 3alICHIBAThCSl TOJIBKO KOHCTaHTBI, HO HE (DYHKIIHH,
MO3TOMY BHYTPH LKA for mis kaxaoro 3HaYeHus ¢ KOHCTaHTaM R4 U Ry MPUCBAHBACTCSI
3HavyeHune GpyHKIuU R(7).

J7st KaXxIoro 3HaUSHUs ¢ BHYTPHU BJIOXKEHHOT0 LMKJIa for uepes paBHbIC MPOMEKYTKH
paccrostHUS Ax OTIIpeeTSFOTCS 3HAYeHUS H3TU0A0Iero MoMeHTa M u mporuda 6aiok
MocTa u ImyTeM Bbi3oBa GyHKumid M(R4, Ry, x;, t) (puc. 611.4) m uu(R 4, Rp, t), B KOTOPBIX
OTIPEJICTISIFOTCS] Ha4aJIbHBIE MTapaMeTpHl Uy U Oy, M ypaBHEHUs yIIPYyToi JIMHUN OaJIku

(puc. 511.5). I1o BEIXOZE M3 BIOKEHHOTO ITUKJIA ONIPEICIITIOTCS MAKCHMAIBHOE 3HAYCHUE
HAIpPSDKEHUS Oyya U KOOPAWHATA XX TOUKH, I7IE OHO JIHCTBYET.
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ITo BBIXOZIE M3 IIMKJIIA [I0 BPEMEHU HAKOIUICHHBIE 32 BpeMs AEHCTBUS IBYX LIUKIIOB
pe3yJIbTaThl pacueTa 3alrChIBAIOTCSl B COCTABHOW MACCHB, U3 KOTOPOTO B JajibHEHILIEM OHU
OymyT B3STHI JUIsl IOCTPOCHUS IPAPHKOB.

st moctpoenust rpaduKoB 1 CO31aHMS aHUMAIIUK YJIEMEHTHI COCTaBHOTO MaccHBa HaJ10
npeoOpa3oBaTh B (PYHKIMIO, HCHIONB3Yst nHTepossinuio (puc. SI1.8). I'paduk pe3ynbraTos
pacuera npu ¢ = 3 ¢ nokasad Ha puc. SI1.9.

[MpecbpasoBaHys MACCHBOR B ooy HKLMK

ulx,k) = interp[lsp]jne[ Lol ,(U33<k>:| 0 ,(Ug](w ,x] nporub Ganok MocTa

: - o vl (I METHOGHOLLMA MOMEHT
M= k) = mtem[lsphne[ Ul,(_Uu_] ,UIJ(UD] 2| B Bankax MocTa

L
Tpmaz = U4 xx =107 x::O,m..L k = FEAME

k=29
ANA Co30aHHA aHHMMMELKK YToDEI NOCMOTRETE APYTHE Kagpel
t= kAt OTKIKYHTE BeIpEHeHHE K NoMEHARTE Yrcno K

Puc. SI1.8. IToaroToBka K MoCTpOeHUIO Ipa)uKOB U UX aHUMALIH

0.04
0.032
ui(x, k) 0.024
Mgy AL
u(lp(h k) 0008
B 0
u(Lpz(t) k)
... -0.00%
amﬂk-m‘g'j -0.016
* -0.024
-0.032
-0.04

0 1 2 3 4 5 6 7 8 910
2,2, Lpp (1), Lpa () o

Ha rpachukax nokazaHel: NepetelleHUE L - KDECHAaA NHHWA,
3NOPA MAMMD ALK MOMEHTOR - CHHASA MMCTarpara,
NONCHEHKE MALIMH HA MOCTY - 3EMEHAA 1 YEPHAA TOYHK,
OMAacHoe CeveHue B BanKax MocTa W BENWYWHA HANPSHEHWA
B HEM - HDACHBIH pOmME C TOYKOK.

Puc. SI1.9. Pe3ynbrarel pacuera B MOMEHT BpeMEHH f = 3 cek

5I1.2. PacyeT ¢ ncnonb3oBaHMem naHenm
NporpamMMmUpoOBaHUSA U C YH4ETOM pasMepHOCTeN

i yaeta pasMepHOCTEH B Hadalle pacueTa BBOAATCS IIPOU3BOIAHEIC Pa3MEPHOCTH.
VicxonHble gaHHBIE BBOJISATCS KaK MPOM3BEICHNE YNCEI Ha TPOU3BOIHYIO Pa3MEPHOCTD.
BryTpu nmporpaMMHOT0 MOAYIJIS MOTYT MCIIOJIB30BAThCS BEWYHHEI C PA3TNYHBIMA
pa3MEepHOCTSMH, HO COCTaBHOH MAaCCUB BBIXOJHBIX JaHHBIX JOJDKEH CONEPKaTh BEITHMIMHEI
TOJIbKO KaKOW-In00 07HO# pazmepHocTH. [10 3TOM MpUYKHE B MOCICIHEM OIIepaTope
(cocTaBHOM MaccHBE) B ITOJIPOrpaMME OTIPEIENICHNS HAPSHDKEHUH G, ¥ B TOJIOBHOH
MporpaMMe IPOH3BEICHO BRIPaBHUBAHUE pa3MepHocTeil. CpaBHHTE TOCIIEAHNE OMIEPaTOPHI

B mporpamMMax Ha puc. SI1.6, 5STL,7, SI1.10.
PesynbraTsl pacdera MOJHOCTHIO COBHANAIOT C MPHUBEACHHBIMHU Ha puc. SI1.9.

NMPUMEYAHUE

B Mathcad 12 — 15 mnporpaMmMupoBaHHE C Yy4YeTOM pa3MEpHOCTEH CTall0 IOYTH
HEBO3MOXKHO BCJEACTBUE HOBBIX OIPAaHMYCHHUH, HAJOXKEHHBIX HA HCIOJIb30BAaHHE
pa3MepHOCTeH B pacueTax. DTOT pacyeT TaKkxke He paboTaeT.



COBET

He wucnone3syiite pasmepHOCcTH Tpu mporpammupoBannu B Mathcad 13 — 15. Pacuer
CTaHOBMTCS UYPE3BbIYAMHO CJIOKHBIM, @ YACTO U BOOOLE HEBO3MOKHBIM.
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FonoBHaA NparpaMMa
MognporpaMa pacHeTa MakcMMAaNsHbLX

T for je 0. K Hal'lpHH{E!HHIr‘I E Oankax MocTa
te— At
ot maxo(MMD = | M1 e mas(MM)
O ENETEHHE EARITE OII0h M2 < rmin(MM)
FR « R(t
= Mimae |01 if 1] = |z
R, FER,
el W2 otherwise
bRl B match(MM,I\u'H\-'I) -
for ie 0. Kl
Az
% Axd maxc(—v
"rrarHGatn R MoMesT" 3 T
!
Mli,jc—M(RA,RE,,xi,t] [ S o IIlEI.XUM—]
| / I~

"PaCHET TEpEMETTEHHA"

Veu (.RA’RB t) INEMEHTH BEIXOAHOM

T MACCHE C BEIPABHEHHEIMM
Pa3MEQHOCTAMM

Bpe— 11

E.Iu(RA,RB JEi.u.9p ,t.\l

EJ

Ui, e

"PACHET MAKC. HATI)TE CEITH"

9),

BXj maxc(Ml

Umaxj — ‘maxcr(_l\u‘ll{jbjz‘

(GEETE))

Puc. SI1.10. 'ostoBHast mporpaMma u rporpamma onpeziesieHus: MaKCUMaJIbHbIX HApPsyKEHUH B
Oankax MocTta

5l1.3. Pac4yeT c y4eToM pa3mMepHOCTEN,
HO ©e3 MCNOoNb30BaHUSA NaHenm
NporpamMmMunpoBaHUS

NMPUMEYAHUE

OTOT pacyer OoJbIIE MOXOXK HA "IMPKOBOH TpIOK". OH OpUTHHAJICH, HO TIOBTOPSTH €TO B
JIpYTHX pacdeTrax HerenecooOpa3sHo. PexoMmeHIyl0 HCIONb30BaTh pacdeT 0Oe3 ydera
pa3sMepHOCTEH, HO C UCIIOJIb30BAHUEM [TaHEIM IporpaMMUpoBaHus (1o myHKTy SII.1).

be3 ncronp3oBaHusA TPOrpaMMHUPOBAHNUS HEBO3MOYKHO OPTaHU30BATh BIOYKEHHBIE LIUKIIBI
10 BPEMEHH U 110 JutnHe Oanku. [IpuBeieHHbIH faiee pacyeT BBIIIONHEH MIPU MOCTOSHHOM
3HAYCHUHU BPCMCHH .

Posb BTOpOTO 1MKIIA 10 BpEMEHH HCIIOMHSACT aHUMAIHs. Bpemst ¢ BRIpaxeHo yepes
BCTpOeHHY0 nepemenHyto anumarnu FRAME (Homep kanpa). [lpu co3nannm aHuManmuu
Juist kakaoro 3Hauenusi FRAME pacuer moBTopsieTcst MOJMHOCTBIO, HAYMHASL C MECTa, IJIe
BIIEPBbIC BBEICHA 3Ta IIEPEMEHHAsI.

Jpyroro criocob6a 3acraButh Mathcad BepHYThCS K YK€ COCYMTAHHBIM BBIPQKECHHSIM HE
cymectBytoT. Coznarenn Mathcad, kak 1 co3arenu Bcex APYTruX s3bIKOB
IpOrPaMMUPOBAHHUS, BUIUMO, CYUTAIOT AyPHBIM TOHOM HCIIOJIBb30BATh BO3BPAT HA METKY,
KOTOPBII paHee ObLT BO BCEX SI3bIKAX MPOrPAMMHUPOBaHUSA. MEXIy TeM BO3BpAT Ha METKY
MO3BOJIMII OBl B OOJIBIIMHCTBE CIIy4aeB BOOOILE OTKA3aThCs OT MCIOJIB30BAHUS AHEIH
NpOrpaMMHUPOBAHHUS U cJiejal Obl pacyeT 6oJiee MPOCTHIM U yIOOHBIM.

B sToM pacuete Bpemst uepe3 Bennunny FRAME npuxoaurcst 3a1aBaTh MoYTH B Havasie
pacdera, nepes onucanueM (GyHKIHHA nonb3oBaress (puc. SI1.11).

BEOJ HOMepa Kaapa
t'= FRAME 025 cex  (CKOPOCTE ChEMKM 4 FRAME = 0
kanpa B CekyHay)
x BrNHOYHMTE 3TO BRIDEHEHHS M NOMEHARTS BpemMA t 30eCh, 2CnH
XOTHTE YEMASTE ARYTOR KAOP HE PUCYHES B KOHLS NpOrpaMmel.
ANA MEroTOBNSHWA GHHUMALMK 3T0 BbIPEHEHHE JOMHHO ObiTh
EEIKMKYEHD

it 7= Ting

Puc. SI1.11. BBox Teky1iero 3HaueHusi BpeMeHH ¢ ¢ ucnojib3oBanueM napamerpa FRAME



Kak pe3yibTaT B poriecce aHMMAaIMK Peau3yoTcs (Ha 3KpaHe) BI0KEHHBIE [IUKIIBI IO
JUIMHE U [0 BPEMEHHU. Y BUAETH MPOLIECC MOXKHO, @ BEIBECTH B UHCJIaX MAaCCUB 3HAYECHUH 10O
JUIVHE U [0 BPEMEHHU OJHOBPEMEHHO HEBO3MOXKHO.

Heckonbko uHaue, yeM NpH UCHOIb30BAHUY NAHEU IPOrPaMMHUPOBAHUS, BBOJATCA
(hyHKIIMM ompeaeneHus nporubda 6anok 1 MaKCUMaJIBHBIX HaNpsDKeHUH B HUX (puc. SI1.12).

DHPEHGHEHHE nporuﬁa 6ankn MeTOA0M Ha4anbHbIX napameTpos

3 ! (x - LA?] : ; fx - LB_J ; }
EJuf_x,un,Elg,t:l =EJuy+ETI6pxz+ RA-i-[_x = LA_) + RB-i-[_x > LB_)
(x-Lr1tn)’ - (x-Lr2ty)’ | -
+P1(t)-f-[_x = LF1())) + F2() ———— [z = Ly (1))
up = 0.cm Bp=10 Civer EJu(iLA,uD,BD,t) =0 EJu(LB,uD,GD,t:I =0
““ u0,81) Eu(x, 0,60,
= Fmnd|up,d up = —0.8cm ulZ,ug, 9, d
5 | ua, ) i SE) o 8(x) = Lu(x)
8p = 0.258rpan : dx

OnpepeneHWe MakcMManbHbIX HaNpsXeHWH B Bankax mocTa

MM(x) = |M(:RA,RB,X,I’,)| Moaymnb M3MMOAKWErD MOMEHTE

z=Lg Given Om=z=L  =Zpge = Masmize (W %)
Zmaz = 2M  MM(zmax) = 60Hu

A e )
O (D) = % Oyl = 30MIIa sl = T,

Puc. 5I1.12. Onpexnenenue mporuda 0anoK 1 MaKCUMAIbHBIX HAMIPSHKCHUH B HIX

Ecnu cpaBHUTH ypaBHEHUs yrpyroi JIMHUU 6anku Ha puc. SI1.12 u 5I1.5, To MOoxHO
OTMETHUTH, 4TO Ha puc. SI1.12 B Ha3BaHMM QYHKINHU OTCYTCTBYIOT napaMeTpsl R, 1 Rp. Ha
9TOM PUCYHKE PEaKLUU ONOP — KOHCTAHThI, OHH ONIPEJENIAIOTCS NPU KaKOM HOBOM
3HAYEHUU BPEMEHH ¢ B TIpEAbIAYILLIEM BbIpaxkeHuu. [Ipu ncnonbp3oBaHun
MPOTrPaMMHUPOBAHUS PEAKLIUH OTIOP ONPEEISIFOTCS BHYTPH TOJIOBHON IPOTPaMMBl, U
nepenaTh UX B (PyHKIUIO ONPEETICHUS TPOTnda MOXKHO TOJIBKO Yepe3 napameTpsl. EcTe
elIe BO3MOXXHOCTE B ()YHKIIWH TIporuda BMecTo R, U R 3amucathb R(f)u R(f),
COOTBETCTBEHHO, HO ITpu 3ToM B 100 pa3 yBenndauBaeTcsi BpeMs pacueTa n3-3a

MHOTOKPATHOTO BbI30Ba (QYHKITHH R(7) ¢ ee HTepallMOHHO# Tporieaypoii B Giioke Given—
find.

3
2.4
ulx=)
gy 1.8
u(LF1 (1)) £
CII
i 1 0.6
u(Lpa(t)) e ———

CII i HD
000

M(Fs Rp,x,t) 0.6

Hm-100
L -1.2
Tynax(t)
MITa-20 -1z
OOd
-2.4
-3

2, Lp1 (8, Lra () . 2. Bmay
Puc. 5I1.13. PesynpTats! pacuera npu ¢ = 0

Pesynbrathl pacueTa nmpuseneHsl Ha puc. SI1.13.
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IMoxBozs UTOTH, CICAYET CKA3aTh, YTO UCIOIB30BATh BEMUCIUTENbHBIH 010k Given—find

B IIPOTrpaMMax CI0XKHO, HO MOXHO. Y CIOXKHSIOT pacdyeT U MaJIOOIPAaBJaHHbIC OTPAHUYECHUS
Ha MCIOJIb30BaHNE Pa3MEPHOCTEH B pacueTax. DTU OrpaHUUYCHHS BBOASTCS IO HACTOSHUIO
CIEIMAIMCTOB MO BEIUMCIUTEIFHON MaTeMaTHKe, KOTOphIe, KaK MPaBUIIO, JajleKu OT
npakTHYecKkuX pacueToB. B Bepcusax Mathcad 12 — 15 aTix orpanuueHunii crajo emie
Gomble.



[Mpnmep 6. PacyeT reoMeTpmnyecKknx
XapaKTePUCTUK CEYEHMS NMPON3BOSTIbHON
doopMbl, 3aaHHOIO aHaNUTUYECKMN.

23

(Mporpamma 06-Geom1.mcd)

Mathcad mo3BomseT onpenenuTh reOMETPUICCKUE XaPAKTEPUCTUKH MPAKTHYCSCKH JTF000TO
cedyeHus. PaccMOTpuUM HECKOJIBKO MPUMEPOB C Pa3IMUHBIMU CEYEHUSIMHU.
Paccuurars reomerpuueckue XapakTEpUCTUKHU JIJIsl OTIEPEUHOIO CEYEHUs, 3aIaHHOTO
AQHAJIMTUYECKU WM B BUJIE CEMEICTBA TOUYEK HA KOHTYpE.
[TycTh 3a1aHO ceueHune, orpaHUueHHOE 4-MsI KPUBBIMHU, 33JJaHHBIMU YPaBHEHUSIMH,
npuBeJcHHBIMU Ha puc.611.1 B Buje Bekropa-pyHkipu. Ha 3TOM jke pUCyHKe OKa3aHbI
rpaduku 3THX QyHKIUIT 1 00pasyeMoe HMH CEYCHUE.
Gurypa 3agada <-mMA KpMBhIMK
McxofHblE KpUELIS
KOHTYD CeYeHma

20

o

20

L3

AnaA cnpaeku

:
15 .
- = 0 =2zk=10

vz /: : e
E ; ‘ 81n(z)
....1 g vliz) :
@7 O osee L 20— 5.(z— )
e :/ yA / y(2) = 15

yiZ)s

/ z
-8+ 2z

Puc. 6I1.1. [Tonepeunoe ceuenue (cnpana), 00pa3oBaHHOE 4-Ms KPUBBIMH (CIIeBa)

Crenyer umets B Buay, uto Mathcad Beruncisier 3HaueHust QyHKUIUA NPU 3HAYSHHUSIX
apryMeHTa, 3aJIaHHBIX JJUCKPETHOI MepeMEHHO U pacoioKEHHbIX CTPOTO B
Bo3pacratolem nopsake. O0OpaTHoOro xoza 3/1ech HeT. [103TOMY ceyeHue 3a1aH0 ABYyMs
KPUBBIMH: BEPXHEN U HUOKHEH

Kaxxnas kpuBasi coCTaBlieHa U3 IBYX 4acTeil ¢ HOMOIIBIO YCIOBHOrO onepaTopa if ¢ manenu
MporpaMMUpOBaHus. /{151 CTBIKOBKM yacTell KpUBBIX BHAaUaje HaJA0 HAUTU TOUKU UX
NepeceveH s, pelliuB CUCTEMY JIByX YPaBHEHHIA C TOMOIIbIO BEIYUCIUTEIHLHOTO OJI0Ka
given-find, koTopomy mpeAIIecTBYOT HaYalbHbIC 3HAYEHHUS [UIS BCEX apryMEHTOB
(puc. 6I1.2). HauansHoe 3HaYeHUE JOJKHO OBITH B3STO HA TOH e BETBU KPUBOH, IIe
HaXOJIMTCsI TOYKa nepeceueHus. Tak /s YeTBepTOi TOUKH epecedeHus (apadoisl ¢
MPSIMOH) B3ATO 3HAYCHHUE , 4TOOBI TIOMTACTH Ha MPaBYIO BETBb MAPa0OIIbI.



durypa sagaHa 4-MA KpUBEIMMK

i
y(z) = |:8-].n(z) 20-5(z— 8)2 L2 -8+ 2-z:|

S
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KpaliHue To4KM NeeaA gzl =2 Npaead e =10

MpoBepka pac4eTHbIX oOpMYN Ha NpUMepe KBagpata
[BKNYUTE CNEAYIOWME 3 BEIPEHEHMA)

™
yiz) = (10+z 20—z 10-z -0+2z) 20 = 0" e o= 10"

DHPEAEHQHHE KOOpAWHaT TOMeK NepeceYeHHUA KPUBbIX

z=1 z:=1 HAYANEHBLIE NPUENKEHKMA

' pE= BEE
Civen x=y(zZlp == v(Z7 = Find{z, =) =
il il 6.6
_ zl _ zl 7.067
Cwven ==ywlgp == v(2) ) = Find{z, =) a1 = Psigis
_ 22 _ 22 5.391
Cwven x==y(zZa == viD3 5 = Find{z, =) 52 = -
z:=10
7k 7k 9,362
Civetn xXwmy(Zl] x=y(D3 ( J = Find(z,x) ( J = ( j
vk vk 10.724

mvHKLIHH ONMUCbIBakOWMWe KOHTYP cevYeHMWA

BepxHui KoHTYp HuxHMiA KoHTYp
vl{z) = |w(zip of 20 = z < 2l v2{z) = |v(zg of 20 =z« 2
yizjp if 21 £ 22 2k yizgg if 22 =z =7k

Puc. 6I1.2. Haxoxaenue Toyek repeceyeHns YeThIpeX KPUBBIX, 00pa3yIoNUX CEUeHUE

[anee B mporpamme pacueTa 3anucabl (GOpMYIIbl, COOTBETCTBYIOIINE CTaHIAPTHBIM
OIPCACICHUAM IJIoMa/iu, CTaTUYICCKUX MOMCHTOB 1 MOMCHTOB MHEPIIUU B BUC ﬂBOﬁHle
uHTeTpaloBTI0  u  (puc. 6I1.3).

Pac4er cTaTW4ecKMX MOMEHTOB S, Sy
MOMEHTOE MHEPLIMU Jz, Jy, Jzy OTHOCUTENLHO MCXOAHBIX OCEH,
a TaiKe NNowaau A U KoopAMWHaT LLeHTpa TAXECTH Ye U 2¢.

F10Z) : zk y1(D)
A = .J‘ v dydz Jz = 6823 s .J‘ .J‘ 1dyde A = 57835
z0 Yyiiz z0 “yi(=z
F1(zZ) zk yl(z)
Ty = -J‘ z dydz Jyp = 2386055 by = -J‘ vdydz Sz = 589105
z0 Yyi(z) z0 YD)
7k yl(z) 2k yliz)
Jzy = -J‘ -J‘ zydyde 2z Jgzy = 3833595 By = -J‘ zdyde Sy = 358.277
z0 Yvi(=z z0 Yy2i(z)
7z By
== = 10.19 S = — Ip = 6,18
e A e B n C

Puc. 6I1.3. Pacyer MOMEHTOB MHEPLIMU U KOOPAUHAT LEHTPA TSHKECTH

[aiee ompeneneHo NOJI0KEHNUE LEHTpa TsDKeCTH cedeHus. [1o hopMynam conpoTHBICHHS
MaTepHaoB ONpeeJeHbl MOMEHTHI HHEPLMN OTHOCHTEIBHO LIEHTPAIBHBIX OCEH BCEro
CEYeHHs U OTHOCUTENIFHO MOBEPHYTHIX ocelt (puc. 611.4).
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PacyYyeT MOMEHTOE WHepPLUHKN OTHOCHUTENbBHO LIeHTPanbHbIX ocen,

napannenbHblX HCXOOHBIM

ch = Jz—A-ycz .]z[; = B22.537

JYC = .]3{— A-Zcz .]y[; = 166.584

chyc = .]25;'— A-Zc-jﬁg chyc = 234.185

Pac4yeT MOMEHTOB HHepLUHN OTHOCUTENBHO
NoBepHYTEIX LeHTpankHLIX ocei

Iple) = Jzocosle) +Jyg-sinf_cr.,] —chyg-smf}m]

Jvf‘c:r,,] = Jz.;-sm':,oz,] + ch-CDSt\DL_] + ngyg-sinf‘z-cr._]

S o T
Tl o) = M-sinf}&) + chyc-cusf}cﬂ o= D,% R
l12MEHEHME MOKMETOE MHEPUWK NPK NOBOROTE oced KOORAKMHET
1000
'u'-. A ,"'n ﬁ‘h
5o LA N | s A
Julee] 500 —X / i /
e o X TTATTANT [/
YL S .-b A ..b !
Twle) e d el i
x 7 s 7
s e ' ) ' )
] 2 ] 2
250 1 A 1 A
LY LY
. ™ ./ N ./
S0 =5 %7 90 120 150 180 210 240 270 300 330 360

180
EI’._

n

Puc. 6I1.4. MoMeHTBI HUHEPpUUHN CEYCHHUS OTHOCUTECIIBHO IapauICIbHO NEPEHECCHHBIX U ITOBCPHYTHIX

oceit

MNonoxeHue rMaBHLIX oceNl

1 =21
R m[ﬂ] Crmp = —17. 764 deg

— -A

2 Jze — Ty
MaBHLI& MOMEHTEI WHepLuWiH
Ju(ermap) = 897.563  Jy(ogms) = 91.558
Ypaaueuun rnaBHblX ocell HHepUHK

vyl = vo + tan(mrm.'l -(z = z.;:]

¥ = yo+ tan[cxrm_g + %j e

NEEHBIE UEHTRANBHBIE OCKM MHEDLMIA CEYEHIAA
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Puc. 6I1.5. OHpCHeJ’ICHI/IB IMOJI0’KEHUS TJIaBHBIX OCEH HWHEPHUUHN U BEJINYUHBI TJTIABHBIX MOMCHTOB

HHEpUUH

Ha puc. 6I1.5 HaiineH yron Hak/IOHa IVIaBHBIX LIEHTPAIBHBIX OCEH U COOTBETCTBYIOIIHNE EMY
TJIaBHbIE [IEHTPAJIbHBIC MOMEHTHI HHEpLUH. Ha TOM e pUCyHKe [OKa3aHO CEUECHHUE C
HAHECEHHBIMH Ha HETO TTaBHBIMHU LIEHTPATbHBIMHU OCSIMH WHEPIIHH.
[IpuBeneHHas nporpaMma paboTaeT Uil pa3INYHbIX CEUCHUH, 3a1aHHBIX aHATUTHIECKUMU
BEIpakeHUsIMH. PaboTas ¢ mporpaMmoii IOMEHSHTE BRIPaXEHHUS, 00pa3yroIue KOHTYP

CCUYCHMUA.
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[Mpumep 7. PacyeT reoMeTpuyeckmnx
XapaKTePUCTUK CeYeHuns, 3agaHHOro Habopom
TOYEK Ha KOHTYype

(Mporpamma 07-Geom2.mcd)

BI/II[ MONEPEYHOTO0 CEYCHUA MOKHO 3a/1aTh HC TOJIbBKO aHAJIUTUYECKU, HO U PSAJIOM TOYCK,
JIeKAIIMX HA KOHTYpE CeUeHHSI.

Ha pucynke 7.1 moka3aH MaccuB TOYeK KOHTypa HEKOTOPOTo cedeHus. HamomuHaro, 91o
Mathcad st mocienytoreit nHTepnoasinuy GyHKIHA TpeOyeT, YTo0bl 3HAYCHUS
apryMeHTa ObpUIH 3a7aHbl 0053aTENEHO B BO3pacTaromeM nopsiake. He moxer ObITh
00paTHOTO ABMKEHHSI KPHBOM, TIO3TOMY CEUCHHUE 3a]aHO ABYMsI MACCUBAMH TOUEK: JUIS
BEpXHEW U AJI HUKHEW YacTeld KOHTYpa OTAENbHO. /{151 5KoHOMUM MecTa Ha pUCYHKE
MacCHBBI BBEJICHBI B BHJIE CTPOKH C TPAHCIIOHUPOBAHHEM B CTOJIOEII.

BepxHAA NUHWA HW¥HAA NUHKA
Zl:=(25689)T 22:=(23?89)T
Y1:=(391192)T Y2:=(31322)T

zk — 0

m = rows(Z1) — 1 2=21p k=21 =z=:z0,20+ Lk

anpoKcHMMauWsa NNaBHoON KPMBOW  anpoKcHMMauuWA oTpe3kaMi NPAMBIX NTMHUA

ly1(z) = interp(lspline(Z1,71) ,Z1,71,2) lyyliz) = linterp(Z1,71,z)
[y2(z) = interp (lspline(Z2,¥2) 22,72, 2) ly2(z) = linterp(Z2, 72 z)
20 20
1D fA LRy
w2z yye(z)
-_I| " =
" W
i 0
0 5 10 0 5 10
bl E

Puc. 7.1. 3aganue ce4eHUsI MAaCCHBOM TOYECK

J11s1 BBIYMCIICHUS] HHTETPaJIOB MaCCHUBBI HAJI0 IPEBPATUTH B (DYHKIMHU ITyTEM HX
uHTeprosinuK QpyHkiei interp. B 3aBucuMocTH OT coco06a HHTEPIIONALMH BU CEUCHUS
OyzeT HEeMHOTO U3MEHSThCsl. MOXKHO OIUCATh CEUeHHMs TIIABHOW KPUBOM, UCIIONIB3YS OJJHY
13 TpeX QYHKIMHA KyOU4eCKO# CIUTaiH-UHTEPIOJISIIMY, MOKHO COCTUHUTEL TOUYKH
OTpe3KaMU NPSIMBIX JIMHUI UCIOJIB3Ys IMHEHHYI0 HHTEPIONIALNI0. B nomydaemsrx
CedeHUI! moka3aH Ha puc. 2.6.
I[Tpu pabore ¢ mporpaMMoi BKIIIOUNTE YKa3aHHbBIE B IIPOrPaMMe BBIPaXKEHUS LIS
arpoOKCHUMALIMM CEUYEHMS TUIAaBHOM KPUBOM WIJIM JIOMAaHHOM JIMHUEH. [ BKItoueHus
BBIP)KEHHUIT B KOHTEKCTHOM MeHIO Beibepure Properties » Calculation (Csoiictsa

» Boruucienus), caumute duaxok y mynkra Disable Evaluation (Onenka He Hyx)Ha).
[Tocne sToro Bech npumep OyJeT NepecunTaH it BBIOpaHHOTO BAMU BapHaHTa
Ecnu BaMm Haio onpeaenuTs reoMeTpUUYeCcKe XapaKTePUCTUKN CEUCHHS C BBIPE30M
MPOM3BOJILHOM (DOPMBI, TO aHAJIOTHMYHBIA pacyeT HaJlo ceNaTh A Bbipe3a. CkomupyiTe
[IpOrpaMMy M BCTaBbTE B KOHEL ee caMoi. [lepBasi yacTh MOCIYKUT AJIs pacueTa
OCHOBHOTI'O CEYEHUs1, BTOpAsi 4acTh I BhIpE3a.

BHUMAHUE

ITpu pacuere mionaas BeIpe3a U MOMEHT HHEPILUH BBIpe3a OEPyTCSI C MHHYCOM.
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[TockoabpKy MaccHBBI TOUYEK PeoOpa3oBaHbl B (YHKIMHU, TO NOCJIEAYIOUIUN pacyer
FCOMETPUUYCCKUX XAPAKTCPUCTUK CEYCHUS IMOJTHOCTBIO ITOBTOPSACT pacueT, HpHBeZ[eHHbIﬂ B
npeablyIIeH 3a1ade (JUIs CeueHus], 3a1aHHOT0 aHAJIMTHYECKH ), ¥ TIOKa3aHHBIN Ha

puc. 6I1.3 — 6IL.5.



[Mpnmep 8. PacyeT reoMeTpmnyecKknx
XapaKTEPUCTUK COCTABHOIoO CevYeHus,

(Mporpamma 08-Geom3.mcd)

Paccunrarh reomeTpuyeckue XapakKTepUCTUKU cocTaBHOTO ceuenus (puc. 8I1.1).
3

2
H\)\
X

LS

| \
/. g
7771 ZZL

Puc. 8I1.1. CoctaBHOE MOTIEPEYHOE CCUCHUE

3ajaHHOE ceueHUe pa3dUTo Ha 7 371eMEHTOB. [IJI KaX0ro 3J1eMEeHTa BBECTU LIIUPUHY
snementa b, Boicoty cevenns h, mmomans snementa A, KOOPAMHATHI IEHTPA THKECTH
Y u Z B BUjIE 31€MEHTOB BEKTOpa JUIsl BBIIOJIHEHUS [OCIEAYIOIINX OJHOTUIIHBIX
onepauuii (puc. 811.2). Beectu kox snementa K u npusnak naaunuus seipeza K1,
Pacum¢poBka xonoB npusenena Ha puc. 8I1.3.

L= I3 18 73 3 3 0 U)T

he=(10 10 5 75 35 3 0 O)T

A=1(25 75 375 BB4 393 36 133 13.3)T
KOORAWHATEI LUEHTPA TAHECTH 2NeMEHTOB

s 53 3 e 7.9 T3 3 6 —6)T
Z=(-167 7.5 10 1818 15 5 -3.66 13.46)T
kog anemenToE K =(3 1 3 5 2 1 7 ?)T

El=1 CcCeYeH4e CONOWHOe K1 =-1 OTE2PCTHE

RS s e

1=1.n

Puc. 8I1.2. McxoaHble 1aHHBIC K PACYETy COCTABHOI'O CEUSHUS

1
—

MPARMOYTONEHKE

Ky
TReyTonEHKE Jy=0

TpeyroneHKE Joy=0

NOMyKEYr, rae d=b - BEpTHKaANEHEIA pazmep

NOMYKEYT, tAe d=b - MopHacHTaNEHEIA Da3Mep

v R~ B - 0 B
||
el Bl ERR S B S

WEennep

Puc. 8I1.3. Kozapl 311eMEHTOB COCTAaBHOTO MONEPEYHOTO CEYECHUS

[lanee B mporpaMme NpOHUCXOJHUT pacieT MOMEHTOB HHEPLUH 3JIEMEHTOB OTHOCHUTEIBHO
COOCTBEHHBIX LIEHTPAIBHBIX Oceil, 0hopMIIeHHBIH B Bue noanporpammsl (puc.8I1.4). B
3aBucumMocts oT kofa K juist kaxxoro snementa BBefieHa CBOsl pacueTHas GopmyIa.



3arem cienyeT mepedeHb pacueTHRIX (JOPMYI U BBIBOJ Pe3yibTaToB pacyera (puc. 8I1.5).

29 .

U ©

OHpCI[eHCHI/IC TIOJIOKCHHUS LEHTPA TAKECTH CEUCHUS.

OmnpeneneHre

MOMCHTOB

WHEPIUN

napaJuiCJIbHbIX UCXOAHBIM OCSIM.

OTHOCHTCJIBHO

OnpeﬂeneHHe yria HaKJIOHA TJIIaBHBIX ocell OTHOCHTEIHLHO HUCXOJHBIX.

OnpeaeneHHe TJIaBHBIX LHCHTPAJIbHBIX MOMCHTOB MHEPLHU.

bil B
141 "

=nl

: f =5

[0.00685.{}3{]4] ;
304 f Ki=7
0if KEi»7

(bi) by
.Ty_ o f Ei=1
i 12 o
4 2
mb)
£ R =2
64
3,
(b) i |
f3=K =4
36

7 by
128

0 Ej»7

[0.00686.{_@)4] R =5

£ R =6

312 f Kj=7

1

LIEHTPAJIBHBIX  OCEH,
bi| Ik
IR
72
N

b))

(&)t f K= 4
=72

0 otherwize

Puc. 8I1.4. MoMeHTBI HHEPIMH JIEMEHTOB COCTABHOT'O CEUCHUS

KOOPHHHEITbI UEeHTPA TAXECTHN CeYeHWA

1
Z A TR

j=1

1
D &K

=1

T

i
Z A ZiE

Lk

1
D 4K

=1

Y. = 5.22
Ze = 10.52

MomeHTBI WHEPLUWMWX OTHOCUTENBHO LUEHTPaNbHBIX OCEW BCEro cevyeHWA

i

: 2
Tz = {I + A (Y- T, —‘-KI'
=0 Z zj ]l: 1 c) 1

1=1
1
o [y
i=1
1

_2,.3'12}-1(11'

EDY I:Izyj + A (Y- Te)(Z5- z.;]]-Klj

j=1

Yron HaknoHa rnaBHbIX 0CEN UHEpPLUKMK

Sraae =

FnaBHbIe LUEeHTpaNbHbIE MOMEHTBI MHEPLIMKA

Jmax

2

—-atan
Tz0 - Iy[l;

Jep+Ten 1 - E
el - i +5-J(ng—1yg‘,|2+ ]

2

1 \ 2 2

Tz0 = 7344
Typ = 13862
Tz = 3389

Cirnae = 25 deg

I = (15500

et = SEIT

Puc. 8I1.5. PacueT reoMeTpu4ecKuX XapakTEpPUCTUK COCTABHOI'O CEUCHUS

C moMouIpio HpHBeHeHHOﬁ MMporpaMMbl MOKHO PACCYUTBIBATH PA3JIMYHBIC CCUCHUS.
BBGHI/ITC CBOU UCXOAHBIC JAHHBIC U TIOCMOTPUTEC PE3YJIbTAThI pacyeTa. Ecnu Bamre ceuenue
COACPIKUT IJIEMCHTBI, KOTOPBIX HET CPC/IU YKa3aHHbIX CEMU TUIIOB, HAIIPHUMEP, CEKTODP,
CCTMCHT, IBYyTaBp, YI'OJIOK, BBCAUTEC (bOpMyJ'[LI JUTA HUX B BBIPAKCHUSA-TIOAIPOTrpaAMMBI TS
MOMCHTOB UHCPIIUH.
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[Mpumep 9. OnpeneneHne BHYTPEHHMNX YCUNUI
Npu pacTsHKeHNN-CXaTum

(Mporpamma 09-vnutr1.mcd)

HpI/I PACTAKCHUUN-CIKATUN BCC CUJIbI HAIIPpABJICHBI BJOJIb OCHU CTCPIKHA. B nonepeUHbIX
CCUCHUAX CTCPIKHA HGﬁCTByeT TOJIBKO OJHO BHYTPCHHEC YCUJIUC: IIPOAOJJIBbHOC. Bo3moxHO
Z[eﬁCTBPIe COCPCAOTOUYCHHBIX U PACIIPECACIICHHBIX HAIrPYy30K

Ilpasuno

IIpOAO0JIbHOE YCHUIIME PAaBHACTCA CYMME CWJI, PACHOJIOKEHHBIX II0 OJHY CTOPOHY OT
paccMaTpuBacMoOro CCUYCHUA.

[TonoxuTenpbHBIM CYUTACTCS pacTAruBarouIee yCuine, OTpuiaTe/ibHbIM — C)KUMAKOIICE.

MaremaTHuecku 310 MMpaBHUJIO MOXHO 3alMCaTh CJICAYIOINM 06pa30M:
N(x) =X F+Y [q,(x)-dx ©.1).

PacnipeneneHras Harpy3ka ¢ MOKeT OBITh IEPEMEHHON WIIH IOCTOSTHHOM.

Ecnu pacnpeneneHHast Harpy3ka NOCTOSSHHOW MHTEHCHBHOCTH MPUJIOKEHA JIUMIIb K YacTH
CTEpXKHS, TO €€ MOXHO 3aMEHUTh JBYMS Harpy3KaMH: paclpejielIeHHOW Harpys3kow,
MPUJIOKEHHOW OT CEHEeHUS x:LqH JI0 KOHIIA CTepXHS, W (PUKTHUBHOW pacmpeaenecHHON

Harpy3kKod TOH € BEJIUYMHBI, HO IIPOTUBOIIOJIOKHOIO HAIPABJIEHUSA, NPWIOKEHHOH OT
CEUYCHHUS szqK o KoHIa crepxHI (hopmyrna 9.2). B satom cmyuae Beipaxenue (9.1)

MOXHO 3amucaTtb B BUJC
N(x)= 2 F +2.q;(x) - (x = Ly ) = 2.q;(x) - (x — Ly, (9.2),

rac LqH n LqK — pacCTOdHUEC OT Havdajla KOOpAMHAT COOTBETCTBEHHO A0 Hadajla W 10
KOHIIa pacnpeaeneHHOﬁ Harpysku.

Jlnist 3anmcy BHYTpEeHHUX ycWiInii B 001IeM BHe yI00HO HCIIOJIB30BaTh OYyJIEBEI OIIEpPaTOPhI
YCIIOBHS.

ByneBsl omepaTtopsl MPUHUMAIOT 3HAYCHUS |, €CIU JIOTMYECKOE BHIPAKEHUE B CKOOKax
BepHO, U 0, eclii — HE BEPHO.

VMHOKEHHE KAaKOro-inbo cjraraeMoro Ha 6yneB OIepaTop yCJIOBUs MO3BOJIACT BKIIKOUYUTH
OTO cCJlaracéMo€, €CJIM YCJIOBUC BBINIOJIHACTCA, WJIM BBIKIIOYHUTHL €ro, €CjJInu YCJIOBHC HE
BBITIOJTHACTCA.

C wucnonb3oBaHneM OyNeBBIX OIEPATOPOB MOXKHO BBICTPAMBaTh JOBOJBHO CIIOXKHBIC
MaTeMaTU4eCKUe BbIpakeHus. Harpumep, 0HOBpEMEHHOE ACHCTBUE HECKOIBKUX YCIOBUIL
(..H, ..H, ..}, ...) 3aIMChIBaEM B BUJIC NPOU3BE/ICHHS HECKOJBKHUX OYyJIEBBIX ONEPaTOpPOB.
Ecnu X0Th OJTHO YCIIOBHE HEBEPHO, BRIPAKEHUE 00pAIllaeTCcs B HYJIb (1 -1-1-0- 1) =0.

Eciau 10ocTaToyHO BBIMOJHEHUS] XOTS Obl OJHOTO yCIOBUS (...WJH, ...WIH, ...WIH, ...),
3anuceiBaeM cymmy OyseBbix omepatopoB (0+0+0+1+0)=1 u Oyamem Henpasbl.

Hpe,Z[CTaBBTC, YTO OAHOBPEMEHHO BBIIIOJIHAKOTCA ABA YCIIOBUA, TOTAAa PE3YJIbTAT PABEH 2, a
9TO MOBJEYET 3a CO00it YMHOXKCHHUE Ha 2 MpeAUICCTBYIOMICTO YCJIOBUIO MAaTEMATUYECKOI'O
BBIpAXKCHHUA U pE3YyJIbTAaT CTAHET HCBCPHBIM.

Cosem

Bo u3bexannn ommbOK HE HaJO CTPOUTH MATEMAaTHYECCKUE BBIPAKCHHS C MCIONB30BAHHEM
OOBIYHBIX 3HAKOB YMHOXKCHHs W cCJOXKeHHs. Haxo HCronp30BaTh 3HAKH JIOTMYECKHX
omnepanuii ¢ manenu Boolean (Bysnessl onepatopsr): A — H...H, V — HJIH.

Pacuer mpomonbHOro ycmnuss B Mathcad mist crepikHS, YCIOBHO IIOKa3aHHOTO Ha
puc. 9I1.1, npuseaen Ha puc. 911.3, pe3ynpTaTsl pacuera Ha puc. II1.4. YcaoBHOCTh cXeMbl
COCTOMUT B TOM, 4TO Ha puc. 9II.1 cTepxeHb Harpy* eH OJHOW COCPEAOTOUYEHHOW U OJIHOM
pacripefieIeHHON Harpys3Koi, Torja Kak B TIpUMEpPE Ha CTEpXKEeHb MAEHCTBYIOT 3
COCPEIOTOUCHHBIX M 2 pacIpeAeiIeHHbIX Harpy3ku. COenano 3To, 4TOObI HE 3arpOMOXKIATh
PHUCYHOK OOJBIIMM KOJMYECTBOM CTpPEJIOK M 00O3HaueHHH. B mpuHIUIE, KOIMYECTBO
Harpy30K MOKET OBITh JIIOOBIM.
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Puc. 911.1. YcnoBHas cxema Harpy»KeHHsl CTEP KHS [1PU PaCTSKEHUM-CIKaTUH

Kak Bugno m3 rpaduxos (puc. 9I1.4) npu MOCTOSHHON MHTEHCHUBHOCTU pacIpeneiIeHHON
Harpy3ku Qopmynbsl (9.1) u (9.2) maroT aOCOSIOTHO OJWHAKOBBIC pe3yJbTaThl. UTOOBI
MOCMOTPeTh 3(GQEKT BIUSIHUSA TEPEMEHHOHW paclpeieIeHHON Harpy3KH, BKJIIOUUTE B
pacuer Beipakenre s gq(x) Ha pucynke 9113, cnpaBa. B 5TOM BBIpaKeHHH BBOJISTCSA
JIBE TPEYroJibHbIE PacCIpe/ie/icHHbIe HArpy3Kku [lepBas W3 HUX BO3pAcTaeT MO JUHEHHOMY
3aKOHY, BTOpasi yObIBAET MO JIMHEHHOMY 3aKOHY.

3ammcanapie B Mathcad BeIpaskeHHS UII TPONONBHBIX YCHIIMHA SBISIOTCA (DYHKIHAMH,
KOTOpPbIE MOXKHO HHTETPHPOBATh U I} (HepeHIIPOBATD.

@®opMyIIbl, TPUBEACHHBIE B 3TOM pacyeTe, CIIPAaBEIIMBEI VISl JTI000H CXEMbI Harpy KeHHs
crepkHs. IlockoibKy B NpUMEpe Ha CTEPXKEHb IEHCTBYIOT 3 COCPENOTOYEHHBIE U 2
pacnpesieicHHbIe HArpy3KH, MPUIOKEHHBIE B Pa3HBIX CeUeHHAX, B (popmyisr (9.1) u (9.2)
BKJIFOUCHBI OYJIEBBI OTIEPATOPHI YCIOBHUS, BKJIIOYAIOIINE IPH COOTBETCTBYOLINX 3HAYCHUIX
X crnaraemple A7l OTACIBHBIX Harpy3ok. PaboTas ¢ mpumepoM, NMOMEHSHTE BEIWYMHBI U
KOJIMYECTBO HArpy30K, MECTa UX MIPUIIOKCHNUS.

Pacuer BHYTpeHHUX yCWJIMH B 3TOW TIJlaB€ MPOU3BOJIUTCS € YYETOM pa3sMEpPHOCTEH,
MO3TOMY B Haualjle pacdera BBOISTCS IPOW3BOJHBIE PA3MEPHOCTH HAa PYCCKOM SI3BIKE, a
3aTeM MCXOJHbIC TaHHbIe Ui pacuera (puc.911.2).

M=m cw.=001m wwm:=0001m xH:= 10001

McxonHele AaHHbIE

10 30 (20 :m NG (40
F=] -5 |&kH Lp=|350|cmu S 40 e Lo = 70 e L 100
-10 80
L=1mu x=0mum—_L
100

Puc. 911.2 McxoaHble AaHHBIE 171 pacyeTa



32

MaTemaTHyeckn NPOAONEHOE YCHIME MOHHO 3anncaTe CNeayowi oBpasom

N = E+3 [g,(x)-dx

AnA MCNonNe20BaHA 3TOMD BeIDEHEHWA HAA0 2aNMCaTh hyHKLMKD W3MEHEHNA
WHTEHCHBHOCTH pacnpefeneHHOR Harpy3ka No ANHHE CTepHHA

q=Const
qqlx) = |a1 £ Log =

qy if LqH2 =

0

otherwise

MpoaonbHoe ycunue

rows(F)

N(x) = Z

1=1

¥ = qu{l

XSLqKz

i
Fj(x > LFi']+J qq(x) dz
' A

q - NnepemeHHas

BEMKIYKMTE 3TO EbIpaEHEHKE

=1L
Bl
o= [|dgq———| f Lyg = 2= 1
qq(z) d1 L—Lqu H, Ey
=L
]
qz-l—ih12 £ Ly =x=Ly
L-Lo & i
0 otherwise

NoCTOAHHAA pacnpefeneHHaA Harpy3jka Kak cymma aByX
Harpy3oK npoTUBONONOXHOIro HanpaeneHWA

Brno4uTe 5TH BEIDEEHHA. PesyneTaT He
WIMEHWTCH, HO pacdeT NoALeT BeICTpes

I

Nz = Z Pi.[_'x = LFi;] i 2 ql-.[fx— Lqu:]-[:x - Lqu:] + Z —ql-.[fx— Lin;]-[jx > L)

=il

OcobenHocTsiMu  paboTtel B Mathcad, obOecreunBalOmMUMU TPOCTOTY pPEIICHHS M €ro

m

d= 1l

nE= rows(F). i) = rows(q).

m

=l

Puc. 911.3 Pacuer npofoJIbHBIX YCUIIUIA TP PACTSKEHUN

YHUBEPCAIIBHOCTD, ABJIAIOTCA:

U BbiOOp 0OmIero Havana KOOPAMHAT AJsl 33JaHusl BCEX PACCTOSHHMU, MO3BOJISIONIAN

MIOCTPOUTH IMIOPHI BHYTPEHHUX yCHIIHUIA;

U 3anuch Bcex HAarpy3o0K WM PACCTOSIHUI [0 HUX B BEKTOPHOH (opme, MO3BONISIONINI

HCIIOJIB30BaTh OI€paTOp CYMMHUPOBAHUS 10 3aTaHHOMY HHICKCY,

U wucmosnp3oBaHue OyJEBBHIX OMNEPATOPOB  YCIOBHS,
claraeMbIX IpPH X > PacCTOSHUs OT Hadajga KOOPAMHAT 10 COOTBETCTBYHOLIEH

Harpy3KH.
1a
5
N {z)
EH
. 0
40 (%) -8
¥H-10
o)
-10 0
Ilpumeuanue

Jlis comoctaBUMOCTH Tpa)UKOB HA OJHOM PHUCYHKE 31€Ch M B JaJbHEUIIEM HCIIOIb3YIOTCS

20

4d a0

X

CM

&0 100

Puc. 911.4 Pe3ynbTaThl pacueTa MpoA0JIbHBIX YCUIHHA

pasznu4Hble MacTaOHbIe KOA(QQUIMEHTHI IS pa3HbIX (QYHKIHUIL.

066CHC‘II/IB3IOHII/IX BKJIFOYCHHUEC



33

[Mpumep 10. OnpegeneHne BHYTPEHHNX
YCUITNA NPU KPYYEHUN CTEPXKHS

(Mporpamma 10-vnutr2.mcd)

Kpydenne cTepxHS BBI3BIBa€TCS IAapaMH CHJ, IUIOCKOCTh JICHCTBHS  KOTOPBIX
MEepPIEeHANKYJIISIpHA TIPOIOIBHON OCH CTepKHS. B 3TOM ciyyae B MONEpPEYHBIX CEUEHHUSX

CTEepXKHs ISHCTBYET TOJILKO OJIHO BHYTPEHHEe yCHine — KpyTaumii MomeHt M .

Bremanmu HarpyskamMu IMpu KpyuCHUU MOT'YT OBITH COCPCAOTOUYCHHBIE MOMCHTBI M n
pacnupeaciICHHbIC MOMEHTEBI 777 .
HpI/IMeHI/ITeJ'II)HO K KPpYYCHUIO MMPaBUJIO ONPEACICHUA BHYTPCHHUX YCI/IJ'II/If/'I BBITIAOUT TaK:

NMPABUJIO

KpyTsmuii MOMEHT paBeH CyMMe MOMEHTOB Iap CHJI, PACTIONIOKEHHBIX MO OJHY CTOPOHY
OT pacCMaTPUBAEMOTO CEUCHHSI.

[TpaBuio 3HaKOB KPYyTAILIEro MOMEHTA, B IIPHHIMIIE O€3pa3IniHO, TaK KaK [IPOYHOCTh MPH
Kpy4Y€HHH HE 3aBHCUT OT HAIpaBJICHUS BpalleHHsa. BakHO ML HE CIyTaTh CyMMy WIH
pa3HocTh uncen. TeM He MeHee, Ul YHOPSIOYEHHs PacueTOB PEKOMEHIYETCsl MPUHSITH
KpYTALIMA MOMEHT MOJIOKUTEIbHBIM, €Clu, INIAAsS ¢ TOpLa CTEep)KHS, BUJIUM BHEIIHUN
MOMEHT, JICHCTBYIOIINM ITPOTHUB YAaCOBON CTPEJIKH.

MaremaTiuuecku KpyTSIIMHA MOMEHT MOXHO 3aITHCaTh TaK

M ()= M+ [m;(x)-dx (10.1).

B peanbHBIX KOHCTPYKIMSX HET CHJI M MOMEHTOB, JAeiicTByomuXx B Touke. Kaxkmas cuia
JEWCTBYET Ha KaKOM-TO YYacTKe Tela, Kak MpaBHIIO, MAJIOM II0 CPAaBHEHHUIO C pa3MepaMu
Tela W, MOITOMY B pacuerax 3aMEHSCTCS COCPEJOTOYECHHOM CHJIOH WM TMapoi cwui,
JeicTBytomed B Touke. IIpu KpydeHMH pacnpefesieHHble MOMEHTHlI HMCHOJIb3YKTCS B
pacuerax KpaiHe pelKo.

Teopernuecku pacnpeneeHHbIE MOMEHTHI MOTYT ObITh IIOCTOSIHHOW HIIM IIEPEMEHHON
WUHTCHCHUBHOCTH. IIJ'IH npuMepa HCHOJIB3YEM pacupeAaCJICHHBIC MOMCHTDI IMOCTOSIHHOM
MHTEeHCUBHOCTU. IIpu MOCTOSHHON pacmpeneneHHOW Harpy3ke m Bblpaxenue (10.1)
NPUHUMAET BUJT

MK(X) = zMz + Zmi(x) ’ (x_LmH) _zmi(x) ’ (x_Lm;c) (10.2),
rae L,, u L., — paccTosHHe OT Hayaja KOOPAMHAT COOTBETCTBEHHO [0 Hayaua U JI0

KOHIIa pacrpe/ielieHHOI Harpy3Ku.
Pacyer B Mathcad KpyTSAmMX MOMEHTOB IJIsl CTEPXKHS, YCIOBHO IOKa3aHHOTO Ha
puc. 10I1.1, mpuBenen Ha puc. 10I1.2. PesynbraTsl pacdera npuseneHs! Ha puc. 1011.3.

Mm=m cu:=00lm mm=0001m gHu=1000Mm Hwum=H¥Nm

YCNOBHAR CxemMa HarpyHeHA CTepHHA

A m
A
: 8 }
i
ik L= N
»
LT
- )
4 FrIkd
o [ 3
« t -
| E »>

McxoaHble gaHHbIe

500 20 1000\ Hu
M= Hu Lyt = oM m o= —
—&00 60 2000 ) m

10 i

cm Lo=1m

1l
(w]
=
1l

100

Puc. 10I1.1. YcnoBHas cxema Harpy>KeHUs! CTEP>KHS IPU KPYUEHUU
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MaTemMaTHYeCkl KEYTAWWA MOMEHT MOHO 3aNHCaTe CNEfyoWMk obpazom
My (x) =2 M5 + 3 [ (x) - dx

,D'J'IH MCNONE30BEHWA 3TOMD BelIpaHeHWA Hago 3anicaTe beHKLLHFO H3MeH2HWA
MHTEHCMBHOCTH pacnpefeneHHon Harpy3k No OnkHe CTepHkHA

IR m - nepeMeHHan BETMKYWTE 3TO BblpaHeHWe
mm(x) = |my ifLmHIEXELmKI = 'l
1 2
. = x : = =
my if I stl‘_m]{2 mmix) 4m1L_ ]fImHI_X_LTmCI

0 otherwise

KpyTawmii MomeHT

rows (1) X
Mi(x) = Mz > Ly +j mm(x) dz
> Mife> D)+ |

i=1

0 otherwise

x=0m

H

—..L
100

NOCTOAHHAA pacnpefeneHHan Harpy3ka Kak cymma AByX
Harpy3oK npoTUEONONOXHOro HanpaeneHWA

BrniouuTe aTo BelpaEeHre. FeayneTar He
M3MEHWTCH, HO pacyeT NodneT BeicTpee

rows (1) _ rows(m) _ _ rows () _ _
Mi(x) = 2: L@{X>LMJ+- 2: mdx—Lmﬂ{x>Lmﬁy— 2: Im{x—hmﬂ{x>Lmﬁ

i=1 i=1 fsat

Puc. 10I1.2 PacueT KpyTSIIMX MOMEHTOB IIPH KPYUCHUH CTEPIKHSA

400
200
Mi® g Ll
1 1
(%)
10
. -200
—400
=hillisg 20 40 80 a0 100
X
CMI

Puc. 10I1.3 Pe3ynbraTsl pacueTa KpyTSLUIMX MOMEHTOB IIPU KPYUEHHU CTEPIKHS

[Ipr mocTOsSHHON MHTEHCHBHOCTH pacrpenesieHHoi Harpysku ¢opmynsr (10.1) u (10.2)
JAlOT a0COJIOTHO OJMHAKOBBIE pe3yabTaTbl. UToOBI MOCMOTPEeTh 3(GGEKT BIUSIHUSA
[EPEMEHHOM pacIpeIeNIeHHOM HArpy3KH, BKIKOYUTE B PAcUeT BeIpaxeHue Juist mm(Xx) Ha

pucynke 10I1.2, cnpaBa. B 3ToM BbIpa)k€eHUHM BBOISATCS JABE TPEYTOJIbHBIE PACIIPEAETICHHbBIE
Harpy3ku IlepBas W3 HHMX BO3pacTaeT MO JIMHEHHOMY 3aKOHY, BTOpas yOBIBacT IO
JTMHEHHOMY 3aKOHY.

3anucannble B Mathcad BelpaxkeHHs U KPYTAIIMX MOMEHTOB SBISIIOTCS (DYHKLMAMH,
KOTOPBIE MOKHO HHTETPUPOBATh U Au(HepeHInpoBaTs.

®opMyIIbl, TPUBEACHHBIE B 3TOM pacyeTe, CIIPaBEIMBEI Ul JTI000H CXEMbI Harpy KeHHs
CTepXHS TpH KpyuyeHHH. [lockombKy B MpuUMepe Ha CTEpXKEHb JEHUCTBYIOT 2
COCPEIOTOUCHHBIE M 2 PACIpEe/CHHbBIC HArPy3KH, MPWIOKCHHBIC B Pa3HBIX CCUCHHUSX, B
(dopmynax KpyTAIIMX MOMEHTOB HCIIOJIB3YIOTCS OyJIEBBI ~ OIEpAaTOpbl  YCIOBUS,
BKJIFOUAIOIIHE TIPH COOTBETCTBYIOIINX 3HAUCHUSX X CIaraeMble Ul OTJACIbHBIX Harpy3oK.
PaGotass ¢ mpumepoMm, NOMEHSHTE BEJIMYMHBI M KOJMYECTBO HArpy30K, MeCTa HX
TIPUIIOKCHUSI.

Pacuer BHYTpeHHUX yCWIMH B 3TOW TIJlaB€ MPOU3BOJIUTCS € YYETOM pa3sMEpPHOCTEH,
MO3TOMY B Haualjle pacdera BBOISTCS IPOW3BOJHBIE PA3MEPHOCTH HAa PYCCKOM SI3BIKE, a
3aTeM MCXOJHbBIC MaHHbIe i pacuera (puc. 1011.1).
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[Mpumep 11. OnpeneneHne BHYTPEHHUX
YCUIMUI Npu n3rnde KOHCosrnbHoW 6anku

(Mporpamma 11-vnutr3.mcd)
PaccmoTpuM 1TOCKHIA IOTIEPEYHBIN U3THO, IPU KOTOPOM BCE CHUIIBI JICKAT B OJTHOM
TUTOCKOCTH | TICPIICHIUKYIISIPHBI IPOOIBHOM ocH 0anKku. B 3TOM ciryyae B OIepeYHBIX
CEYEHMSIX JEMCTBYIOT MONEPEYHas cuia Q u nsrubaromumii moment M . TlpogonsHoe

yerwne N =0 . Bo3aMoXkHO JeficTBUE COCPENOTOUEHHBIX M PACIIPEIEIIEHHBIX HATPY30K
TMpu MI0CKOM TIOMEPEYHOM H3THOE:

NMPABUJIO

MornepeyHasl CHja paBHAETCS CyMMeE CHJI, PACHOJIOKEHHBIX IO OIHY CTOPOHY OT
paccMaTpHBAaEMOTO CEUSHNS;

n3rubaronuii MOMEHT paBeH CyMME MOMEHTOB BCEX CHJI PACIONOKEHHBIX IO OAHY
CTOPOHY OT PAcCMaTPUBAEMOT'0 CEUCHHSI OTHOCUTENBHO LEHTPA TSHKECTH CEUCHHS

MaremaTiyeckd BHYTPEHHUE YCUITHUSI IIPY U3TM0E MOYKHO 3aIicaTh CIeAyIOIUM 00pa3oM:
Q) =X F+ X [ai(x)-dx
M, (x)=>M; + > [F-h(x)+ X [6;(x)-h(x)- dx (11.1),

rae h(X) — nnedo cuner

Ha npakrtuke pacnpeneneHHast Harpy3Ka, paclojIoKEHHas 10 OJHY CTOPOHY OT
BBIJICJICHHOTO CEYEHHs OAJIKH, 3aMEHSIETCsI Pe3yJIbTHPYIOIIEH COCPEe0TOUCHHON CHIIOH,
MPWIOKEHHOM B LICHTPE TSAXKECTH pacupeeIeHHO Harpy3ku. MOMEHT OT pacupeeleHHON
Harpy3KH MOJICUUTHIBACTCS KaK MPOU3BEICHNE 3TOH PEe3yNbTHPYIOIIEH CHITBI HA €€ TIeHO.
IIpu 3TOM 3aKOH U3MEHEHHUSI MOMEHTA 3aBUCHT OT TOTO B35TO CEUYEHHE B Ipeaeax

JIEHCTBUS pacIpeeIeHHON Harpy3Ky WIN 3a €€ IpeIeIaMu.
X

i
-

h(xx)

XX g(XX)

LgH

Lgk

Puc. 1111.1. banka, Harpy>eHHas IPOU3BOJILHON paclpeeIeHHONW Harpy3Kon

ITocTponm BeIpaskeHHE [T M3THOAIOIET0 MOMEHTA, €AMHOE I BceX ydacTKoB Oanku. Ha
pucynke 1111.1 moka3ana 6anka, Harpy>KeHHAs! IIPOU3BOJIBHON pactpeeIeHHOH
Harpyskoil. Ha paccTosHuu XX OT Hayasa Harpy3ku BbIIEIUM deMeHT anHoi d(XX) .

Ha nero neiictyer narpyska ((X)-d(XX) . Ha paccrosauu X oT Hauaja Gajku BbLAEIUM

MPOU3BOJILHOE CEUCHNE U HalAeM M3THOArONIH MOMEHT B 3TOM CEUCHHUH.
Ot Harpyskwu, neiictBytomeit Ha anement d (XX),

szq =q(xx)-d(xx)-h(x),
rie N(X) = X— XX — Lg, — mredo cumet G(X) - d(XX) .

[TomHpIH M3rubarOIUii MOMEHT OT paclpeIeICHHONW HAarpy3KH PaBeH

XX
Mg (00 = [ (xx)-h(x)-d (xx) (11.2),
0
€CJIM CEYEHME B3ATO B IIpe/eax pacnpeesIeHHON Harpy3Ky, U
LqK_LqH
M= [ a(xx)-h(x)-d(xx) (11.3),
0

€CJIU CEUCHHE B3A4TO 3a peJeslaMH paclpeelIeHHON Harpy3KU.

Ecnu pacnpenenenHas Harpy3ka IIOCTOSIHHON HHTEHCHBHOCTH IPHJIOXKEHA JIMIIb K 9acTH
0aJKH, TO e MO’KHO 3aMEHHTH JIByMsI Harpy3KaMH: paclpe/ielieCHHOW Harpy3KoH,
MIPUIIOKEHHOM OT ceueHust X = LqH JI0 KOHIIa CTePIKHS, 1 (GUKTHBHOMN pacripeneeHHo



Harpy3Ko# TOil ke BeTMYMHBI, HO IPOTHUBOIIOIOKHOTO HAMIPABICHHS, TIPUI0KEHHON OT
cedeHus X = LCIK JI0 KOHIIa CTePIKHS

36 Qq(X¥) =220 - (X Lgu) = 2.0 - (X — Lg)

2 2
(X—Lgy) (X—Lg)
_ qH K
Mg (=20 - ——— =28 —— —
Pacuer B Mathcad BHyTpeHHUX yCHIIMI IpH U3TMOE I OAKH, YCIOBHO IIOKAa3aHHOW Ha
puc. 11.2, c pacnipenienieHHON HAarpy3Ko MOCTOSTHHOW MHTEHCUBHOCTH 110 (hopMyiam

(11.2), (11.4) npuenen Ha puc. 1111.3. Pe3ynpTars! pacuera npuBeaeHs! Ha puc. 1111.4.
Uurerpansubie Bepaxkenus st M, (XX) mo dopmynam (11.2), (11.3), ucrons3yemsie B

(11.4).

Mathcad, npusenensl Ha puc. 11I1.3. Borpaxenus M, (XX) 1o popmyie (11.4)

npuBeneHsl Ha puc. 1111.4. Pesynbrarsl pacuera no o6enm GopmysiamMm ecTeCTBEHHO
coBragaroT. OIHAKO CKOPOCTh pacyueTa Mo MHTEerpajbHOMY BeipaxeHwHo (11.3) Bo MHOTO
pa3 MeHblIle, TaK KaK BBIYMCICHHE UHTEerpalia caMmas MeJieHHas onepauus B Mathcad.

haTeraTndecku MoNepeNHyD CHMy KW MSI'I.?IGGPOLLI,MFI MOMEHT MCHHO 3aNUCETE CNedy oW 06p830M
) =2 F + 2 [ (x)-dx
M,(x) =Y M, + Y [F-h(x)+ Y [ 4, (x) - hi(x)-dx
,D,J'IFI MCAONEZ0BaAHWA STHX Bblpa}KeHMIﬁ Hado 3andcate Cb‘;iHI{LI,M}O Ma3MeHEHWA

WMHTEHCMBHOCTH paCnpedensHHOR Harpy2K No AnWHe CTeRHHA
q -nNepemeHHanA EBENHO4YWTE 3TO BBIPE+2HKE

q=Const
qq(®) = a1 if Lyy <z =1L = .
: ChR qqfx) = 4-q1-L - i Lqﬁl = x= Lqu
’ — Lo
qz 1quH2£x5LqK2 !
z-L
K]
I{H 5
0.—  otherwise qz-| 1~ £ Lgg = 2= Ly
= L— Ly, = 7
kH .
MonepeyHas cuna 0.— otherwise
M
rows(F) b4
QE = Z i 2o JD el ol Ia0enKa npH X = L

1=1
Msrubatowmin MoMeHT
ows(M) rows (F) x
Melx) = El |:M1fX = LMi.|:|+ E |:P1-|le LFi]'[.X = LFi.]]+JD g (2 — o) dx
1111.2. CxeMa yCIIOBHOTO HAarpyKeHHsI OAJIKX NPH M3TU0e U MCXOHBIC TaHHEIC JUIS
pacuera

haTemaTdecku MONepeNHyYD CUny K1 MSI’MGEFOLLI,HFI MOMEHT MCHHO 3ENUCETE CNedy oW OSDESOM
O =2 F +2 [q(x) dx
M) =Y M, + Y [F-h(x)+ 2 [g,(x) - h(x)-dx
,D,J'IFI WCAONB30EBaHWA STHX Bblpa)KeHHPI Hado 3ankcate Cb‘y"HKLI,MI-O W3k eHEHWA

MHTEHCHEHOCTH pacnpeneneHHOR Harpy2kn No ANuHe CTEDHHA
g -nepemeHHaA EBENOYWTE 3TO BeIPEH2HKE

q=Const
ga(x) = |aqy f Lyg = x=L -~ Logy .
; R R U o 4-q1-L - it Lqu =2 = Ly
. — Ly
qz if LqHQEXELqKQ
x-L
K
KH
0.— otherwise qz:| 1= £ Lo, = 2= Ly
= L—Lgs, = =
iH :
MNMonepe4yHas cuna 0.— otherwise
jig
rows(F) b4
Q= Z Fi{z>Lf |+ jﬂ el (il 3agenka nprx =L

=l
N3rnbarowmin momeHT

rows (M) rows(F) x
M=) = Z |:M1[x = LMi':|:| + Z |:Pi-|:lx = LFi'] [x = LFi']:| + j o () - (x — ) de
: 0

i=1 i=1
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Puc. 1111.3. UHTerpabHble 3aBUCHMOCTH TS PacdeTa nornepednoif cubl () u n3rubaromiero

momenTta M

[pu pabote ¢ IPUMEPOM BKIFOUUTE BHIPAKEHHE JUIS IEPEMEHHOM HAIPY3KH U TIOCMOTPUTE
pe3ysnbrar pacuera. s pacyera UCIOJIb30BaHbI TE€ K€ TPEYrObHbIC HATPY3KH, YTO U MPH
PaCTSDKEHHUHU | TIPH KPYUICHHH.

Ha puc. 1111.5 nag smropamu Q 1 M mmokazaHa KOHCOJbHAs 0aika ¢ peaabHbIM
pacriojioxeHreM Harpy3ok. [IpoBepbTe MpaBUIIbHOCTh IIOCTPOCHUS AIIOP C YYETOM
mddepeHnmanbHpIX 3aBUcHMOcTed Mexay Q u M.

OnpepeneHne BHYTPEHHUX YCUITHMIA Japenkanpux = L

rows (F)
QF(x) = Z [Fi'[_x = LFi_]} 0T COCPEAOTONEHHBIX CHM

=l
0T pacnpefeneHHOR HarpyaK MHTEHCMBHOCTRI g=Const

rows (1) ) _ rows () . _
Q= = Z |:qi.[.x— Lqu_']-[_x = Lqu_']} - Z [qj.[_x_ Lin;]-[.x = Lin.']]
=l i= 1
[0 = QFr() + Qy®]
rows (M)
Mem(x) = Z |:M1[x = LMiﬂ oT Nap cun
rnmr;s_(F:) . _
Mzr(x) = Z [Fi'[-x_ Lr)(x2 LFi_]] 0T COCPEAOTONEHHBEC CHM

1=1

0T pacnpefeneHHOR HarpyaK MHTEHCMBHOCTRI g=Const

rows () [x - Lqu']2 rows () [X o qu{i.]2

Mgz = Z %T-.[-XELqu;] i Z et 5 ) '[_-XquKi_-]

=0 = Mzni (%) + M () + Mg ()]

Puc. 1111.4. Pacuer usru6aroutero momenta M 7 cyderom ( = Const

PeanbHoe pacrnonoxeHWe Harpy3ok Ha Ganke
M, M,

n 20 40 a0 &l 100

Puc. 11115, PesynbTaThl pacuera ronepeuroii cunsl Q u m3rubaromero momenra M mpu

g =Const

[Ipu HaNMMYMK TOCTPOCHHBIX SITIOP IMOMEPSYHBIX CHIT U H3THOAFOIINX MOMEHTOB HET
HEO0XOIUMOCTH HCIONB30BaTh Mathcad ist ompeneneHnss MaKCUMANBHBIX 3HaueHuH Q
M, ecii pacdeT HAIPsHKEHUI POU3BOMUTCS BPYUHYIO. ECIH e HApsHKEHUS! TOTDKHBI
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ObITh paccuntanbl B Mathcad, To M MakCHMallbHbIE 3HAYEHHS JOJKHBI ONPEACIIATHCS B
Mathcad. Onnako B Mathcad Het cpencT onpezaeneHus sKcTpeMyMa GpyHKIUH co
CKauKaMH U pa3pbiBamMu. B pacuere juist morcka Makcumyma GyHKmi Q u M
HCIIOJIb30BaHa camoienibHas GyHkimsa Fmax, peanusyroias nepebop 3HaUCHUH (YHKIUH

B 3aJaHHOM HMHTEPBAJIC 3HAYCHUH aprymceHrTa.

I[J'ISI OIpCACIICHUA HaHpH)KCHI/Iﬁ B OIIACHOM CCYCHHUU UCTIOJIb3YIOT 3HAUCHUSA Q u M, B3ATBIC

10 MOJYJIIO,

Ig=0m Ly=L IT:=100 [lomMeHARTE NapameTpel NOUCKA

B cocTaBHOM MaccuBe BbiBoAa pe3ynbTaToB pacyeTa
cAenartb BCe pasMepHOCTH OAMHaKOBbIMH
AnAa onpeaeneHua Mmax

Pmax(P !L'H:L'K:N_:I =

I
Al |F(L)]
while L < Ly

B Sl

A2« |FL]
£ A2 Al
Al A2
L2« L

(A1 T2H)

ey = B Il e T

BoispalwleHune

K UICXOAHOW pasMepHOCTH

Pmax[Mz,LH,Ia{,N)Z

Ehmazx =

Mpax = 1000Hu

Emax = 0.0 M

AnAa onpeaeneHuAa Qmax
Flmae(F,Li, L, M) = L& Ln

Al [F(L]
while L « Ly
Ly-Ly

IL &= 1L 4p

A2 < [FLy]
it A2 Al
Bl
L5 1L

T
(Al L2-E]
M

e e e e

BosepaweHne
K MICXOAQHOW pasMepHOCTH

Flmaz{Q,Lu, L, N)z m
H

EQmax =

Opmax = 8xH

HQmaz = 1M

Puc. 11T1.6. Haxox/ieHrHe MakCUMAIIbHBIX 3HAYCHUI n3rubaroniero momenta M u monepeunoit
cunbl Q

Ha puc. 1111.6 nmokasansl aBe nporpamMmbl Fmax. Oana 11 noucka Makcumyma
TIOTIEPEYHOM CHIIBI M ApyTasi Ut N3rHOAIoIIero MoOMeHTa. DTO CBsI3aHO ¢ TeM, 4yTo Mathcad
HE JIOIyCKaeT MPHUCYTCTBUS B MACCUBAX JAHHBIX JIEMEHTOB C PA3IMYHON Pa3MEPHOCTHIO.
[TosToMy NpoM3BEEHO NCKYCCTBEHHOE BBIPABHUBAHUE PA3MEPHOCTEH B MaccuBax. A
3aTeM BBIIIOIIHEHO BO3BpAIllEHHE K HCXOHOM pa3MEpHOCTH.
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[Mpumep 12. OnpegeneHne BHYTPEHHNX
yCcunuim npun n3rnbe dankm Ha gByx ornopax

(Mporpamma 12-vnutr4d.mcd)
Pacuer Ganmky Ha JBYX OTMOpax IOYTH MOBTOPSET pacueT KOHCONBHON OaJKé C 3aJeIKOH.
OcoOeHHOCTBIO HOBOTO pacueTa SBJIIETCS HEOOXOAMMOCTh OIPENENICHHS OIOPHBIX
peaknmii U3 ycimoBmid paBHOBecus: Oanku. [lomepeuHast cuima W HM3THOAIONIMA MOMEHT
MPEICTABIAIOT €000 ypaBHEHMS paBHOBECHS OTCEUCHHOW dacTH Oanku. OIMIopHI
BHYTPCHHHUX YCHJIMH MpPEACTABISAIOT c000i rpadudeckoe MpeaCcTaBICHUE YPaBHEHUH
paBHOBecHst. C y4eTOM peakLUi 3MIOPHI ¢ HyJIsl HAYWHAIOTCS M HyJIEM 3aKaH4MBaroTcs. B
HalllMX pacyerax Hayajlo KOOPAMHAT B3STO HA JICBOM KOHIIE OaJK{, TOT/Ia Ha TIPaBOM KOHIIE
Gankn mpu X=L Q(L)=0 u M,(L)=0. Dtu xmBa ycioBust HCHONB3YIOTCS IS

OIIpeNIeNICHUsI IBYX OIIOPHBIX peakUuid mpu u3rube Oanku Ha ABYX omnopax. daxrnuecku
HCIIOJIB3YEOTCS YPABHEHHS PABHOBECHS: CyMMa IPOEKLHH BCEX CHJI Ha BEPTHKAIBHYIO OCh
U CyMMa MOMEHTOB BCEX CHJI OTHOCHTEIILHO IPaBOro KOHIA OalKy.

VYcnoBHas pacyeTHas cxema OajKM M MCXOIHBIC OaHHBIC U pacyera IIOKa3aHbl Ha
puc. 12I1.1. PeanpHble Harpy3ku, JeicTByromue Ha Oanky, mokasaHsl Ha puc. 12I1.3 Han
smopamn Q u M, .

Pacuer BHYTpeHHUX YCHJIHI C y4eTOM OIOpHBIX peakiuil npuseneH Ha puc. 12I1.2. Jlns
OTIpE/ICNICHUsI  OTIOPHBIX PEaKIMii HCIOJB3yeTCsS BBIYMCIUTENBHBIA 010K given-find,
KOTOPOMY IPEAIICCTBYIOT HaYaIbHBIC MPUOIMKCHUS 11 00CUX PEAKIIH.

B YpaBHCHUA U1 MONEPEYHBIX CHUIT U H3FI/I68,}OHJ,I/IX MOMCHTOB BKJIFOUCHBI CJIara€MbIC OT

onopHbix peakiuii Ry u Rp . TIocKoibKy OHU He U3BECTHBI IO MOMEHTA UX ONPE/EIICHUS,
TO OHM O0S3aTENbHO JOJDKHBI OBITH BKJIIOYEHBI B MAPAMETPHI (DYHKIHMN BHYTPEHHHUX
yenmit Q(Ra, Rg,X) 1 M, (Rp,Rg,X). Ha puc. 1211.2 k BbIpaKeHHsIM JUIsl BHY TPEHHHX

ycuini, mnokasaHHbIM Ha puc. 11113 (mi1st kKoHCosbHOHM Oaniku), NOOaBJIEHBI CllaraeMble
YCHUJIMH OT OTIOPHBIX PEaKIUH.

B npumepe Ha prc. 1211.2 omopsl pacmonoxeHsl B ceueHusx Loy =40 cmu Lgg =70 em.

ITomensiite paccrostHust 10 omop Lpy u Lgg ¥ mocMoTpuTe Kak M3MEHSTCS Pe3yJIbTaThl
pacdera, mokazaHHble Ha puc. 1211.3.
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3afaHHble Harpysku F, g, M M KoopAMHaTbI TOYEK UX MPUNOXKeHNA

CoCpeloToYeHHEle CHITEI PacnpelenedHbie Harpyarn
10 30
=20 ¥ 10 40
F=|-5[xH Lrp=|230|cm = — L= oM Lyg = -CM
40 M 70 100
-10 20
napkl cHn AnuHa Ganku
500 10 L
M= Hu Ly = oM L=1m x=0m—_L
—800 60 100

NonoxeHWe onop Ha Ganke |LRA = 20.cm+ |LRB = 70-::1\4

Puc. 12I1.1. CxeMa yCJIOBHOT'O Harpy>KeHUsI OAJKU MpU M3rHOe U MCXOIHbIE JaHHBIE [UIS pacueTa



q=Const g - MEpeMeHHan EKMIOYMTE 9TO BhIpEHeHHe

qaq(x) = A1 i e T
40 9z f Lyn, =2 = Loge L~ Lo, 1 1
x—-L
: 4,
0.— otherwise I . o
M gz 1 o i Ly = 5= Ly
KH :
MonepeyHas cuna U-; otherwise
rows (F)

¥4
Q[_RA,RB,X_] = RA.ILX = LFLA_] + RB.[_X = LRB_] + Z Fi.[.x = LFi'] +j qqi= dx

= I
N3rnbarowmin MOMeHT

MZI'L_RA,RB,X:I = RA-[_X— LRA][X 2 LFLA] + RB-l:jX— LRB][X 2 LRB?.I
rowes (V) rows(F)

H
+ Z |:M1[X E LMi_-]:| + Z |:Fi-[:x— LFi_.]'[..X = LFi_.]:| + jﬂ o) (x — ) daox
1= i=1
OnpeaeneHne ONMopHbIX peakuun
Ry = 10H Rp = 10xH HavyancHble NpUENLHEHMA
Civen Mz (Ra,Rp,L) =0 Q[Ra,Rp,L)=0

Ea : ,
[R ] = Fmd(Ra,Rp) Ra=16xH Rp=-26xH
B

Puc. 1211.2. PacdeT BHyTpEHHUX YCHIIHMIA U OTIPEICIICHHE OMOPHBIX PEaKInil B Oallke Ha IBYX ONOpax

FeansHoe pacnonoseHls Harpyaok Ha Sanke

i M,

_I' oh TF| F‘_ Fs

s
-+ —
20
Q(Ra4 . Rg.x) 10
H
il
Mz(Rs . Ry, %) "
EHm .
o] 0 B2
-10

Puc. 1211.3. Pe3ynbTaThl pacueTa BHYTPEHHHX yCHIIHIA M OMOPHBIX pEaKIHii B 6alke Ha IBYX OMOpax

Jamee B mpuMepe OINPENENSIOTCS MaKCUMAlbHBIC BEIHMYMHBI IIOTIEPEYHON CHIIBI W
M3rU0aroIIero MOMEHTa TakXkKe KakK Ul KOHconbHOU Oanku (puc. 1111.6).

CriemyeT OTMETHTh, YTO, Kak U B mpumepe 11 (st koHcobpHOHN Ganku), pu g = Const
BHYTPCHHHUE YCHIIUS MOXKHO onpeneiuts o Gopmynam (11.4 ) 6e3 pacuera MHTETpaioB 1Mo
uHe (puc. 1211.4).
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rows(F)
QF(E) = Z [Fl(x o LFI]:| OT COCPEAOTOEHHEL TN
i=1
0T PACNPEARNEHHDR HAMTY3kM MHTEHCMEHOCTE [ = Congt
rows[q ) rows(q)
Q) = Z |:q_i- EX - Lqu:] (x > Lqu]:| = Z [Qi' (x = qu{i:] EX b Lqu]:I
1=H i=1

QRA(:RA,X) = RA-(_X = LRA‘ OrplRp.x) = RE,-(_x = LrR)

|Q(Ra.Rp.x) = QRA(RA.%) + QRB(RB.%) + QF(2) + Qq(x)|

rows (W)
Mg =) = Z [Ml(x o LNII]:I OT M&ap CHn
rum;s[l:')
MgF(x) = [Fi- EX - ]_,Fi'] EX > ]_,Fi"]] 0T COCPEAOTOMEHHEL G
- | il J

0T PACMPEAENEHHOR HAMPYIKA WHTEHCMBHOCTM o = Const

rows( g ) EX - L,qu-']2 _ _ rows[q ) EX = Lin-']E _ .

Mzg(x) = Z qlftx > Lop) |- Z qlftx » Lo

i=1 ' ' i=1 '
WzR4(Ra,x) = Ralx-LRa){x = Lra)

WzRB(RB.%) = Re-(x- LRB)-(x 2 LrE)

Me(Ra RE.x] = MR (Ra x) + MRB(RE, =] + M%) + MeF(2) + Meg()"
Puc. 12I1.4. Bonee ObicTpoe OIpeieIcHUEe BHYTPCHHHUX YCHITHN

[IpuBeneHHblE TPUMEPHI OMNpeneieHs] BHYTPEHHUX YCWJIMHA TMOKa3bIBAIOT, YTO [t
Mathcad npakTuyecky HET Hepa3peUIUMbIX 3aa4. J[JIsi OJHOrO OTICIBHO B3SITOTO CTEPIKHS
MOJKHO ONPECIUTh BHYTPEHHHE YCHIIUS MPH JOOBIX Harpys3kax. [pyroi BOIIpoC HAIO JIH
9TO JJI TPAKTUYCCKUX 3amad. Ha mNpakTHKe CTepKCHb WM Oajka Harpy>KeHbI, Kak
NpaBWIO, OAHOM WM JBYMsl Harpy3kamu, He CUMTas OINOpPHBIX peakuuil. Ecmou
pacnpelieneHHas Harpy3ka pacrpejenieHa o KakoMy-TO CII0)KHOMY 3aKOHY, TO Yallle BCEro
€€ MHTCHCUBHOCTh NMPUHUMACTCS IMOCTOSHHOMN WM pacIipe/ielieHHast Harpy3Ka 3aMEHSCTCS
COCPEAOTOUYEHHOM CUJIOH.

JLt mpocTHIX 3a7ad HEe UMEET CMBICIIA HCIoIbh30BaTh Mathcad, ecnm 3amauy MOKHO TIpoIe
# OBICTpEE PEHINTh C IIOMOIIBI0 MUKPOKATBKYJIISATOPA.

COBET

Mathcad momkeH ynpomiaTh pacdeTsl, a He YCIoXHATh. He mcmonesyiire Mathcad s
pelIeHus MPOCThIX 3a1a4.

Eme oxHo orpaHuyeHue NpH HCmoib3oBaHuu Mathcad — 310 ompenencHue BHYTPSHHHX
YCUIIMHA B pamax M JIOMaHbIX CTEpXKHsAX. EciaM Ui JJIMHHOTO CTEPXKHS C OOJBIINM
KOJINYECTBOM HArpy30K C HOMOIIBIO YCIOBHBIX OIEPATOPOB BHYTPEHHHE YCHJIMSI HAa BCEX
yYacTKax MOJKHO OIUCATh OJHHM YyPaBHEHHEM, TO UL JIOMAHOTO CTEpPXKHS KadK[BIil
[EPENIOM — OTACIBHBIH yIaCTOK C OTACIBHBIM YPaBHEHHEM, KOTOPOE TPeOyeTCs 3almcaTh
Bpy4Hy[0. IIOCTpONTh €IMHYIO SIIOPY Ui BCEX YYacTKOB JIoMaHoro crepixusi Mathcad
TaKke He B cwiax. HammcaTh mporpamMmy [UIsl TAKHX BBIYHCICHHH KOHEYHO MOXKHO, HO
«OBYMHKA BBIICIKH HE CTOUT». Pyd4Hodl pabOTBI MHOrO, MOpOrpamMMma CIOXKHAsL,
npeumymiectBa Mathcad He BuaHO.



[Mpumep 13. PactaxxeHne ctatnyeckm
onpenennmMoro CTEPXKHSL.

(Mporpamma 13-rast1.mcd)

J7st cTep KHS IEpeMEHHOTO CEYeHHMs, HArpY)KEHHOTO TPEMsI CHJIAMHU U IBYMSI
pactipeneneHHpIME Harpy3kamu (puc. 13.1), TpeOyercs HalTH pacrpeaeeHie
HaIpPsDKCHUH U IepeMeieHHH 110 JTHHE CTePIKHS
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Puc. 13I1.1. YcnoBHas cxeMa Harpy’eHust CTEPHKHS

CreprkeHb KPYTJI0To MONEPEevHOro CeYeH s IEpeMEeHHOro auamerpa. [lepBslit ydacTok —
nuamerpom d1, Tpetuit — nuamerpom 02, a Ha BTOpOM (CpeHEM) y4acTKe TUaMeTp
M3MEHSETC 110 JTuHeliHoMy 3akony oT (1 mo d2 . Ipanunpl yqacTkoB 0603HAYEHbI

pasmepamu Ly, L,, Ly. Crepxens narpyxen tpems cunamu F, F,, Fs,
IPUIOXKCHHBIMH B CEUCHMSIX Ha paccTostHmsiX Ly, Lg,, Ly ot meBoro kpas u mByms
pacmpezeneHHbIME Harpy3kamu () u (, . PaccrosiHue ot o6Iuero Hadaa KOOpAUHAT (Ha

JIEBOM KOHIIE CTEP>KHS) O Hadasla paclpeAeiIeHHOI Harpy3Ku Lqu u LqH2 , 10 KOHIIa

pacupenereHHON Harpy3Ku Lqu u quz . IHTEHCUBHOCTD pacrpenesleHHON Harpy3Kku (
MOXeT OBITh JIF000H (ITOCTOSTHHOW MiTH epeMeHHoit). Ha puc. 4.1 nzo0OpaxeHa ycioBHas
cXeMa Harpy>keHus crep>kHs. UToObI n30exarh 3arpoOMO>K/ICHHS YepTeka, Ha HeM yKazaHa
onua cuina Fy u oxma pacnpenenennas Harpyska (j ¥ HX KOOPIWHATHI, KOTOPBIE TAKKE
MOTYT OBITB JTFOOBIMU.

Hcxonubie qaHHBIE AJIs pacueTa MPUBEICHBI Ha puc. 4.2.

[MTockonbky pacyer B Mathcad Benercst ¢ yueToM pa3MepHOCTEN B Havale IporpaMMbl
BBEJICHBI PHCBOCHUS Pa3MEPHOCTEH, IPOU3BOJHBIX OT OCHOBHEIX (pHC. 4.2).

i I

2
tn

M =m wmm=0001m xH:=1000. MIla = 10

McxoaHble AaHHbIE

__ 5 rpaHuya Y4aCcTHoOE
E'=210" Mila pazHOMD QHaMeTpa
10 200 400
F=|-20|xkH Lp:=|600 |nmm L:=| 700 |mm LL =17
10 500 1000
=40 v 1 100 200
6] = — Lou = MM Loge = -MM
&0 M 500 800
= IL]
dl = 5w 42 = 10mm  diz) = (d2 - dl). — + d1
L:-Ly

Puc. 1311.2. McxonHble qaHHBIC U1 pacdeTa CTEPIKHS

[IpononbHBIE YCHIIHS B TIPOM3BOJIBHBIX CEUCHUAX CTEPIKHS OIPEAEIIeM METOI0M CEUECHUH
KaK CyMMY CHJI, paclioJIOKEHHBIX 110 OJJHY CTOPOHY OT pacCMaTpHBaeMOro ceueHus. 1x
onpenenenye nokasano Ha puc.13I1.3. [{nst 3anucu npoJoabHBIX YCUIIUI UCIIONIb30BAHbI
BBIpaKEHUS, MOTy4YeHHbIe ipumepe 9 (puc. 911.3).

W3MeHeHue ionmany nonepeydoro ceuenuss A(X) Boab ocu X 3amaHo Ha puc. 1311.3.

[IpumeneHue OyJIeBBIX ONIEPATOPOB B TOM BBIPAKEHUH CAENANI0 Obl €r0 MaJOIOHITHBIM U
HEKPACUBBIM, TO3TOMY OHO 3allMCAHO C MTOMOIIBIO TTAHEH MPOTPaMMHUPOBAHUSI.



NOCTOARHEA pacnpefeneHHaA HarpyzKa

rows(F) _ rows (o) : : rows () _ _
N(z) = Z Fi (x> LFi_'] + Z qi.[.x—Lqu:]-[.X = Lqu_'] + Z —qi.[.x—Lin:].[.x = Lin_']

43 =l i £o
I = 1L, L nepemMeHHas
= Sl G TEy e XM, pacnpedeneHian
el | |G e B Bt Harpyaka
& rows(F) %
x— LqH2 2 Nix) = Z Pi'[X > LFi] +J qq ) dex
, _ \ A
2 s | BRI e = = =
i Tl i Lo, <% = L !
i 5
I{}I B oS ot
0.— otherwise %= 0mm,— . LL
qq (=) \'
[P Q- NEpeMEHHONR pacyeT

MNowaan ceveHWd A, HOpMAaNEHLIE HANPSHEHWA o

H NepemMelleHre Ce

YeHHA AL

OMEHE MELNEHHEI.

0.5 1

3 BKMIOYMTE BLIDEHEHHA
e N(z)
AR =||ln— | £ 0=x<]y clx) = —=
4 A(R)
z
4= | . La B ofilieM criydae nepemelleHrs
[ﬂ' 4 ] Flisx<ly I 2lLz) 38MCLIBASTCA B BHAS
E A=) WHTErpana, Kak YanMHeHHe
4 x YACTM CTEHA OT 3agenku 10
T, if Ly<xsls BbINENEeHHOM0 CeYeHM.
Puc. 1311.3. [nomans cevenns A(X) , nanpssxenne o(X) u ymwmnenne AL(X) crepxns

Ha TomM e pucyHKe 3anucanbl GopMysisl 1uis Hanpsokenus o(X) u nepememenns AL(X) .

B 06LlIeM CJlydac NnepeMCIICHUEC 3allMChIBACTCA B BUAC UHTCIpajia, KaK YAJIMHCHUC YaCTU
CTCPIKHSA OT 3aJICTIKH 10 BBIACJICHHOI'O CCUCHUS.
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Puc. 1311.4. Pe3ynbraThl pacueTa CTaTUYECKU-OIPEACIUMOrO CTEPIKHS

PesynbraTsl pacuera npuseneHs! Ha puc. 1311.4 B Bune rpadukos. Tak kak pacder BegeTcs
C Y4EeTOM pa3MepHOCTEH, B Inana3oHe X BCE 3HAYEHMS JOJDKHBI UMETh OJJMHAKOBYIO
pa3MepHOCTh (MK He UMETh ee). A BOT Tpad)uKH He MOTYT OBITh ITOCTPOEHHI C
pa3sMEepHBIMHU BEIMIHHAMH, TI0O3TOMY BCE pa3MEPHbIE BBIPAKEHUSI PA3ICICHbI HA

pa3MepHOCTb.
Tabnua YnuCIIOBBIX 3HAYCHUHN PE3yJIbTATOB PACUCTOB MPUBEICHA B 3JICKTPOHHOW KHUTE.
st Mathcad pacder oka3aJicsi IpUMHTHUBHO MIPOCTBIM, a BOT IIPH pacueTe BpyUHYIO (Ha
MUKPOKAJIBKYJIATOPE) pacdeT HaMPsHDKeHUN U TiepeMeleHni Ha ecaTH ydacTkax (3 mo
TUTOIIAIM CEUYCHHM U 7 TI0 Harpy3Kke) moTpedyeT MHOTO BPEMEHH U CHJL.
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[Mpumep 14. PactaxeHne ctatnyeckm
HeonpeaenMMoro CTepPXXHS

(Mporpamma 14-rast2.mcd)

Jo6asum Ha cxeme (puc. 13I1.1) 3anenky crepkHs cnesa (puc. 14I1.1). Cucrema craner
OJIMH pa3 CTaTHYeCKU-HeonpeaenuMoi. Hen3BecTHBIX OMOPHBIX peakuuii JBe, a moje3Hoe
ypaBHEHHE paBHOBeCcHsl (HE TOXJIECTBO) oaHO. J[ns onpeneneHHss ONOPHBIX PEaKIHid
Heo0XouMOo 100aBUTh €llle OJJHO YpaBHCHUE — YPaBHEHUE COBMECTHOCTH NEPEMEICHUM.
3ajiesIKu — JKECTKHE, I03TOMY B3aUMHOE CMEIICHHE JIEBOI1 3a1€/IKH OTHOCUTEIIBHO IIPaBoH
PaBHO HYJIIO.

L -t
Puc. 14I1.1. YcnoBHast cxema Harpy»kK€HHsI CTAaTUUECKH HEOMPEAETUMOTO CTEPIKHS
JIJis 3a1aHHOTO CTaTHYECKH HEONPEAeTNMOTo CTep KHSA TpeOyeTcss HalTH pacrlpeneicHue
HaIpsDKEHUN U IEPEMELIEHU 110 IJIMHE CTEPKHS U1 JBYX CIIy4aeB HArpyKEHHUS:
1. oT nAelicTBHS BHEIIHUX CHII,
2. OT AeHCTBHA BHEIIHUX CHJI, H3MEHEHHSI TEMIIEPATYPhl U OT MOHTA)KHOH OIIHOKH.

Hcxonubie qaHHBIE AJIs pacueTa npuBeaeHsl Ha puc. 1411.2.

Iz, = 2-105-Nﬂ'[a dl =5pwm d2 = 10-nma

20 200 400
F=|[-20 |¥HLp =| 600 |-bm L:=| 700 [rnmm
1a 800 Ruili]
_ z-14 LL = max(L)
dr=) .=(d2—d1)-L2_L1+d1 i Cetan
—40Y &4 . 100 . 300
= — = ‘MM = 1M
falen B e
e d12 o . tn = rows (_LqH:I
) = “'T ghessb. e rowsl F)
i)’
; i =
n 5 if Ll_xc:LgX:= D-m,i..LL
2
n%] el 65 5 S L

KOAPEMLUMEHT NMHERHOM PACWMAEHMA o = 12.5.10° 4

3343EMCA NONOKEHWMEN HANOKEHHOA CBAZM C
M CABMIOM CEMEHWA Aoyt B MECTE BE HANDKEHWA

NOMEHARTE L | Agpopr M A

OHTEKHEIA 33300 Agogr B CEMEHMM C, E70 NONDKEHME Le K

MEHEHME TEMNERATYRR At3agaHe rOGaneHD HAA TRAMKOM

Puc. 1411.2. cxonuble JaHHbIE Ul pacyeTa CTaTUYECKU HEONPEAETUMOTr0 CTEPHKHSI Ha PACTSHKEHUE



[encTere Ha cTepXXeHb TOMbKO BHELLUHNX CUM

NMPUMEYAHUE

45 Pacyer mapHUpHO-CTEPIKHEBOM CHUCTEMBI IOJ JEHCTBHEM OJHOI BHEIIHEH CHIIBI B
nporpamme 14-rast2.mcd nomereH B CKpbHITYIO 30HY. J[BOHHOMW IIETYOK MBIIIBIO Ha
JIMHUM CKPBITOM 30HBI PACKPBIBACT €€.

ITockonbky onopHas peakius €Ile He U3BECTHA, TO BO BCE BBIPAKEHHS OHA JOJKHA BOUTH
napaMeTpoM (QYHKIHA. BBIpaskeHHUs U MpOMOIBHOTO YCHIINS MPUBEACHBI Ha puc. 1411.3
JUTA HaTIpSDKEHUH U yUTMHeHUH Ha puc. 1411.4.
nocToAHHAA pacnpeaeneHHaa Harpyska
rows(F)
N(z,E) = R+ Z Fi(x > LFL]
q=1
rows () rows (o)
+ Z {2 = L (2> Lo ) + Z =6 (2= Loge ) {2 > L
i=1 ti=Rl:

1L nepemeHHas

=L x = 0-mm,—  LL
_ B 100 pacnpefeneHHas
qqix) = [5 q] ﬁ] i Lqu S LqK1 Harpyska
i rows(F)

X
o LqHZ 2z | Mz, k) = E+ Z F [x = LFL:] + JD gz duot
az| 1- —LL—LqH2 quHQSxSLqKQ i=1

5
ILIL,
Id—I )= = ey
0-— otherwise = UMM,zo--LL
- ]
qq(=) \'

[TpK q - NeperMeHHoR pacyeT
04eHE MELNEHHEIA. 0 0.5 1
BlniounTe BLIpateHna

Puc. 1411.3. OnpenencHue NpoaoabHBIX YCHUIUM B CTATHYECKU HEOIPEIEIUMOM CTEPHKHE IIPU

PaCTAXKCHUN
HanpsaxeHnA YanWHeHWe CTePXHA
¥
cer= =l e [E
Al EAx
1]

pelleHWe ypaBHeHWA HepaspbIBHOCTH AepopMaumMi  A(LL.R) = 0

R = 10 xH Ha4yaneHoe NpHONKEHHe R = root{ AL{LL R} ,E]|

E = -8.0783xH Peakuud B NeBod 3adenke
MNpoBepka nNepeMelleHle KOHLOE CTefmHA ¥=0 1 x=LL
AL(LL By = —0mma AL(O mm BE) = Onam

Puc. 14I1.4. OmpeneneHue OMOPHON peakuy CTaTUIECKH HEOTIPEACTUMOTO CTEPIKHS

OnopHast peakuys B JIEBOW 3aJIeJIKe OINpPEAENIeTcs ¢ OMOIIbI0 QyHKIMK root u3 ycnosus
paBeHCTBA HYIIO MTOJHOTO Y/UIMHEHUS CTEP)KHS.
PesynbraTsl pacuera npuseaeHsl Ha puc. 14I1.5.
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Puc. 1411.5. Pe3ynbraTsl pacueTa CTaTHYECKH HEONPEIEIIMMOI0 CTEP)KHS Ha PACTSIKCHUE

CyMM3pHoe Jewncrteme Harpys3ok, uaMmeHeHnd TemMmnepaTtypbl 1 MOHTa)KHOW OLLINOKN

B crarMyecku-HEONpEAeIUMBIX CHCTEMaX BO3MOXKHO BO3HHKHOBEHHE MOHTAXKHBIX
HaNpsDKCHUH, BBI3BAaHHBIX OINMOKAMHU TPH HM3TOTOBJICHHM CTEPXKHEH Win npu cOopke
KOHCTPYKLIHH.

JlomycTuM CTepiKeHb H3TOTOBJIGH Ha BenuuuHy A, Kopode, dyem Hano. Koporkwuii
CTEp)KEHb HAlO PACTAHYTb NpH COOpKe, a JUIMHHBIA CTepXeHb CXaTh 10 Tpedyemoro
pasmepa. Toriga ycloBHE COBMECTHOCTH IIEPEMEIICHUH Iocie COOPKH MPHMET BHA
Ayp=-A
MOMOIIBIO (PYHKIIMH OOt orpeiensgeTcs peakus B 3aJeiIKe.

ITocraBum Gonee obOmyro 3agauy. B Hekotopom ceuennmu C crepxHA mpu X = Lo

ont - SNECh A U B — KecTKHe 3a7eNKu CTepxkHs. Mcxonsa U3 3Toro yciosus ¢

HaJIOXKHMM CBSI3b, OTPaHMYHMBAIOLIYIO TEPEMEIIeHHe. DTO MOXET ObITh KaKOH-TO yIop,
OonroBoe coenuHeHHe,cBapKa. IIpu MOHTake KOHCTPYKIMH BO3MOXKHBI IOTPEITHOCTH
YCTaHOBKH, MO3TOMY mepemenieHne cedeHuss C MoxeT OBITH paBHO HE HYyNO, a

MOHT@XHOMY 3a30py A Torma nepemeineHune cedeHuss C OTHOCHTENBHO MPaBOi

MOHT *

sagenku B Agp =—-A Tpebyercst HaWTH UIT 3TOTO Cilydas paclpeaeeHue

MOHT *
HaIpsDKEHUH U IEPEMELIEHU 110 IIIMHE CTEPKHSL.

PaccMoTpuMm BiMsiHME HarpeBa CTEp)KHS Ha €ro YAJIMHEHWE W HampsoKeHus B HeM. [lpm
HarpeBaHUH CTEP)KHS €r0 JUIMHA YBEINYNBACTCS HA BETUIUHY

AL =L-a-At,

roe L — ummHa crepkHi, & — KOI(POHUIMEHT JHHEHHOrO pAaCIIMPEHMSI MaTepHaa
cTepxkHs, Af — npupalieHne TeMIepaTypsl.

B cratnuecku-onpeaenuMbIX CUCTEMAX, I/ie HET OrpPaHMYEHUI Ha IepeMELIEHUE CTEP KHEN
TEMIIEpATYPHBIE HAIPSKEHHUS HE BO3HUKAIOT.

B crarudecku-HeonmpeAenUMBIX CHCT€MaxX CTEpKEHb NpU HAarpeBaHUM CTPEMHTCS
paCIIUPUTBECS, HO HAJIOKEHHBIE OrPAaHUUYCHHsS HE TMO3BOJIIOT JTOro. Bo3HHKaOT
CKUMAIOINE HAMIPSAKCHUA, BBIZbIBAIOIINEC YKOPOUYCHUE CTCPIKHA.

IMosHOE yIIMHEHHE CTEPIKHSI CKIIaABIBACTCS M3 YIUTMHEHHST OT HPOXONIBHOTO yemnuss N u
U3MEHEHUs TEMIIEPATyPhl

N -dx
AL=ALy+AL =[——+L-a-At
1 E-A
ITonHoe MEPEMEUICHUEC B MECTC HAJIOKCHUS CBA3U

A=ALy +AL + A, =jN—dx+L-a-At+AMOHT =0,

7 E-A
IIpn HarpeBaHUU CTEP>KHS B HEM BO3HUKAIOT CHKUMAIOIIME YCHUIMS, IIPU OXJIAXKIECHUU —
pacTArMBAOLIHE.
B o0uem ciydyae mepemeleHre 3aliChiBacTCs B BHJIE MHTErpaja, Kak YUIMHEHHE YacTh
CTepKHs OT 3a1eiku X = LL 110 BeimeneHHoro ceuenns x (puc. 1411.6).
PaccMOTpEM  OZHOBpPEMEHHOE IEHCTBHE HA CTEP)KCHb BHELIHMX HArPY30K, W3MEHEHUSI
TEMIIEPaTypbl U MOHTa>XHOM IOIPEIIHOCTH.
Peuienre mocTaBneHHON 3afadM BpPY4YHYHO HeroMepHO cioxkHo. Jlnst Mathcad 3amaua
npocra. HemssectHyio peakumio R B ceuenun C BrioyaeM B BBIPOKCHHE IS
pOAOIBHOrO ycwins. HO MOCKONBKY OHa 3apaHee HE W3BECTHA, TO IOJDKHA BOWTH
napaMeTpoM B Beipaxkenue-pyukuuo N(x,R),
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kO3 MUWEHT MMHERHOD pacIUMpeHA o = 1:2_5-10_ﬁ

HOpManbHBIe HANPAXKEeHWA G U NepeMeLLeHMe ceveHMA AL

L3
L
B L . O — 15
A(x) EA(z) 100

H

pelueHWe ypaBHeHWA HepaspbIBHOCTH gethopMaLMi ;‘_\.(_L,:') + A pyopr = 0

R = 0xH HavansHoe npubnakenne R = root{ AL[Le,R) + Apyour B

BE=-55973xH  Peakuys Bz B Touke C

AL(OR) = 1.07mm  NEpeMelleHHe KOHLA CTepHHA x=0
Puc. 1411.6. ®opmyJbl Ui pelIeHHs CTaTHYECKH-HEOIpeeIUMON 3a1auu.

Belpaskennst U HanpsHDKEHUH M TIEPEMEICHUI TakKe 3alrchiBaeM B BHAC (YHKIHH OT
peakiuuu o(x,R) u A(x,R). PacuetHsie GopMyJIbl JUIsl PEIIEHHs TOCTABIEHHOM 3a1aun
npuBeeHsl Ha puc. 14I1.6.

JHanee, pemas ypaBHeHue coBMmecTHOcTH aedopmanuit Aqg + A, =0 (puc. 14I1.6),

onpenemsieM peakimio R .Jlns pemeHus ucronbdyeM (QyHKIHO root, KoTopoi ODKHO
MPE/IIeCTBOBAaTh HadajgbHOe MpubmmxeHune. I[lockonbKy OTBeT (3HaueHHE pPEaKlny)
pa3MepHas BeNMYMHA, TO W HavyaJbHOE IPUOJIKEHUE JIOJDKHO OBITh pa3MepHOU
BEJIMYMHOM, TO €CTh YHUCII0, YMHOKEHHOE Ha Pa3MEpPHOCTb.

MmofanbHbIM EBOA UCXOAHBIX AaHHBIX

Le=50mm Aygepr=-10mm At= 50

MOMEHARTE MOHTEHHEIR 38300 A o B CEYEHMM C,
NONO¥EHWE Ce4eHrA L M M3MEeHeHWe TeMNepaTypbl At

PesynbTaThbl pacyeTta

30 —
Lo %
i e— :
N{x,R) e ;
g 10 O |
n]) (X & R:l E T e 2
| T
W W . i
AT (X ; R_) El . |||I”lll”l"|||||||IIII||||u....
—10 i
MM "
Alx) Al :
- 10 s
= 20 — :
Ay 100 200 300 400 500 400 700 800 900 1000
4
MM

Puc. 1411.7. Pe3ynbTaTsl pelieHNs: CTATHYECKU-HEONPEISIUMOIl 3a1auu

PesynbraTel pacyera CTaTHYECKH HEONPENESIMMOTrO CTEpXKHS IpH  OJHOBPEMEHHOM
BO3JICHCTBMM BHEIIHUX CWJI, TEMIICPaTypHBIX W MOHT@)XHBIX HANpPSDKEHWH IOKa3aHbI Ha
puc. 14I1.7.

Iporectupyiite nporpammy. Ilomoxure muamerpsl d; u d, oxuHakoBeIMH. Bce

MOHT = 0
O6parnuTe BHUIMaHUE, 9TO IIPU PACYECTAX BBIIOIHSACTCS NPHHLHUI HE3aBUCUMOCTH JCHCTBHS
cuit. B o6iem citydae Harpy)keHHUs CTCPIKHSI HANPSDKEHUSI O PaBHBI CyMME HAIPsDKCHUI
OT IeHCTBUSI BHEIIHUX HArPY30K, OT U3MEHCHHUS TEMIICPAaTyphl M OT MOHTaXXHBIX OLIHOOK
pu cOopKe.

HArpys3Kd, KPOME OJHOM, MOJOKHUTE PaBHLIMKU Hyt0. [Tonoxure Af =0 u A



Mpumep 15. PactaxeHue-cxaTme ctaTmdeckm
48 HeonpeaenMmon LapHNPHO-CTEPXKHEBOWN
CUCTEMBI.

(Mporpamma 15-rast3.mcd)

B nanHOM mpumepe Ut pacKphITUSI CTaTHYECKOH HEONPEAEITNMOCTH HUCIIONB3YETCS Memoo
3aceyex. DTOT METOJ| HE YHUBEPCAIBHBIA U 3/1eCh HET OOLIET0 MpaBMia PEIleHHs 3a/lauu.
YroObl pemuTh 3amavy, Hajgo pa3odpaThcs B cxemax nedopMmanuil ¥ MepeMereHui
cucreMsbl. [ pa3iM4HbIX 3324 BUJ| ypaBHEHUH OylIeT pa3HbIM.

IIporpamMma, cocTaBieHHas B JAaHHOM IIPUMEpPE, II03BOJISET PACCUUTHIBATH IIAPHUPHO-
CTEp)KHEBBIE CTATHYECKU-HEOINPEIEIUMBbIE CHCTEMBI, B KOTOPBIX OIWH H3 3IEMEHTOB
abcomomuo sncecmruti (HeaAeHOPMUPYEMBII).

PaccMOTpHM HIApHUPHO-CTEPIKHEBYIO CUCTEMY, COCTOSIILYIO U3 OJHOMU JKecTKoit Oanku AB
u 4-x nedopMHUpyeMbIX CTep)KHE, MApHUPHO COSAMHEHHBIX ¢ 0anKol M paboTaroIux Ha
pacTsokenne winm  okatue (puc. 15I1.1). JlamHas cuctema TpH pas3a CTaTHYECKH
Hegyez{ennMa.

L., F

s 9§

L,

L,

Puc. 1511.1. 3ananHas MapHUPHO-CTEPKHEBAs CUCTEMA

IIpuHiun pemeHus 3aa4ydl pacCMOTPUM Ha NpUMepe AEHCTBHUS OAHON BHELIHEH CHIIBI.
3areM 100aBUM K 3TOW CHJIe H3MEHEHUE TEMIIEpaTypbl 1 MOHTaXXHBIE OIINOKH.

[enctere Ha cuctemy OgHOWN BHELLHEN CUIbl

NMPUMEYAHUE

Pacyer mapHUPHO-CTEPIKHEBOM CHUCTEMBI I0J JEHCTBHEM OJHOI BHEIIHEH CHIIbI B
nporpamme 15-rast3.mcd nomemnien B CKpbITyi0 30HY. J[BOWHOM MIETYOK MBIIIBIO HA
JIMHUM CKPBITOM 30HBI PACKPBIBACT €€.

Ha Oanky neiictByer cuna I’ (MOKHO TIPHJIOKHTH M HECKOJIIBKO CHJI) M 3a/laHa TOYKa ee
npuioxeHust Lp . 3afaHbl JUIMHBL CTepKHEH L. , pacCCTOSIHUS OT OCU BPAILEHHS XKECTKOTO

aneMeHTa A 110 TOYEK KpeIUIeHHsl CTepKHEeH L; K )KEeCTKOMY DJIEMEHTY, YIJbl §; MEKIy

CTCPIKHEM U paJnyCOM BpalllCHUA TOYKU KPCIIJICHUA CTECPIKHA K )KECTKOMY JJIEMECHTY.

18 = 2-105-L£Ha o = 100-MIa F=10xH L= 100cm

30
20 a0 30
3 40 b a0 i 30
= CM = Tpag = 7oy |cm
60 45 T sinl ¢3)
20 &0 30
sin( 4
L 1
1
Ao s Votladn 1| k=1 pacTaseHne

CaveHWA fle o=

—

1 k=-1 ckatve

—

Puc. 15I1.2. McxoaHble faHHBIE K pacyeTy MIAPHUPHO-CTEPKHEBOH CHCTEMBbI

Hcxonnble naHHble Ui pacdeTa OpuBeAeHsl Ha puc. 15I1.2. Marepuan crepaxHell — crains,
JUI KOTOpoil 3amaHbl: Moxynb IOura [E, pomyckaeMoe HalpsDKEHUE [G], KOTOpOoE B

nporpamme Mathcad o0o3HaueHO © tTak kak Mathcad He mnpuHMMaeT Ha3BaHUE

JI011 2
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BEIIMYMHBI, CTOSIIEe B KBAaAPATHBIX CKOOKAX, CUMTas €ro MaTeMaTHYeCKUM BBIPAKEHHUEM.
Kpome Toro, 3a1an ko3pduupeHT yyeTa 3Haka 1epopMaluy CTeEpKHEN & .

Jeno B TOM, 4TO B 3aIMCaHHBIX Jajee ypaBHeHUsx Mathcad He pasnuuaer mojokeHue
CTEpIKHEW CBEPXY WJIM CHH3Y OT OalIKH, a pe3yJIbTaT pacyeTa 3aBHCHT OT 3TOT0. Y CJIOBHMCS
cuntate k=1, ecmu crepxeHb ymuuHsercs npu aedopmanwu, U k=-1, ecium —
YKOPauMBaeTCsl.

B naHHO#i 3agavye 6 HEM3BECTHBIX: 4 NPOIOJBHBIX YCWIIUS B CTEPIKHAX M IBE PEaKUUH B
nrapHUpHOU omope A (rOpHU3OHTaNbHAs M BepTUKaJbHAast). Clie0BaTeNbHO HAJI0 COCTAaBUTh
cucreMy u3 6-u ypaBHeHHIl (3 ypaBHEHHS paBHOBeCHS M 3 ypaBHEHHS COBMECTHOCTH
nepeMenieHnii) U peiuts ee. OJHAKO, ecu B3ATh B KAa4eCTBE YPaBHEHHS PAaBHOBECHS
CYMMy MOMEHTOB OTHOCHTEIIBHO ONOPBI A, TO peakuuy Ha OIope He BOMIYT B pacyeT H
JOCTaTOYHO PELINTHh CHUCTEMY U3 4-X ypaBHEHHH C 4-MS HEM3BECTHBIMH HPOIOJIHHBIMH
YCUITUSIMH B CTEPIKHSX.

[pu cocTaBieHNH ypaBHEHHS PAaBHOBECHS I1OJIaraeM, 4TO NPOJOJIbHBIC YCHUIIUS BOSHUKAIOT,
KaK peaklys Ha MPUJIOKEHHE CHIbl F 1 UX JeHCTBUE MPOTUBOIIOIOXKHO ACHCTBHIO CHIIHI .
3HaK TPOAOJIBHOTO YCWIHS M HAIPsDKCHHS 3aBUCHT OT PAcCIOJIOKEHHS CTEPXKHSA H
yuuThIBaeTCA Kodhduunenrom k .

m
FLp - ZkiNiLiSin(¢i) =0

i=1
YpaBHEHUS COBMECTHOCTH IIEPEMEIICHUH CBI3BIBAIOT MEXIy cO000H IepeMerneHus
LIAPHUPHBIX y3JI0B KPEIJICHUs CTEPKHEH, KOTOPBIE BBIPA3UM Uepe3 YAIUHEHUS CTEpKHEH,
a X, B CBOIO 04€pE]Ib, Uepe3 MPOJOJIbHBIC YCUIIUS B CTEPIKHSIX.
lapaup — YacTh jkecTKOro sneMeHTta (O6ankn). IlepeMenieHns: ToYeK )KECTKOTO 3JIeMEHTa
A, IpONIOpIMOHABHEL UX PafidycaM BpalleHHs: L; BOKPYT TOYKHU [OJBECA 3TOTO IEMEHTA.

A _A A Ay
L L L, L

Ora 3amuch MpecTaBiseT co0oi 6 ypaBHEHHH COBMECTHOCTH NepememieHuid. [l
pelnieHus 3aJa4n T0CTaTOYHO TPeX JIFOOBIX U3 OTUX YPaBHEHUH.

Kaxnoe nepemerieHue mapHupa A BbIpasuM uepe3 yUIMHEHHe cTepxkHs. s aToro
UCTIONIB3YEM MeMO0 3ACeYeK.

N300pa3um BUI CHCTEMBI M3 OJHOW OaiKM M OIHOTO CTEPXKHS MO M MOcie nedopMamnun
(puc. 15T1.3). Tlox neiictBuem cuiibl F' Gajika HOBEpHYJIACh BOKPYT TOUKH moaBeca A Ha
HEKOTOPBI O4eHb MaJbIi yroi (TbICSYHBIE J0NU rpaxyca). OZHAKO HA CXEME 3TOT Yol
JUISL HarJSTHOCTH M300pakKeH I0CTaTOYHO OOJBIIHM.

C

(15.1).

1
Puc. 1511.3. Cesi3b nepemeinenust BB; u ywmuenns AL no merozy 3acedex

[lapaup B mnepemecTwics B TOJNOXKeHHE Bj. YUIMHWICA M IepeMeCTHICS Bciel 3a

LIAPHUPOM B U cTepiKeHb.
IToBepHem nedopMHupoOBaHHBINA CTEP)KEHH IO CBOETO HCXOMAHOTO IMOJIOKEHHs. Pa3HOCTh
JUTHH CTEPIKHS 10 | 1ociIe AeopMaliuy ecTh yAIHHeHne crepxHs BB, = AL .

ITockonbKy yros moBOpOTa CTEP)KHS HHUYTOXKHO Majl, AYTH OKPYKHOCTH IPU MOBOPOTE
CTEep)KHsI U Oallky 3aMeHseM KacaTeJbHBIMHU K OKPY>KHOCTH BpallleHHsi (WJIM, YTO TO Ke
camoe, MEpIeHAUKYJIIpaMH K paauycaM BpaiieHus). B pesynpraTe Ha cxeMe BHIUM
HOPSIMOYTOJIBHBIM TPEYrOJbHUK TEPEMELICHUs C HU3BECTHBIM M3 TEOMETPUH CHCTEMBI
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yraoM ¢ . OTKya HaXOIUM CBA3b MEKIY MepeMelleHHeM MmapHupa A ¥ yIHHEHHEM

crepxus AL

A AL
sin(¢)

ToT ke pe3ynbTaT, HO MPOIIE U MOHATHEE JOCTHTACTCS B 00pamHoM Memoode 3dcedex, CyTh
KOTOPOTO B CJIEAYIOILEM.

3aaeMCsT HOBBIM IIOJIOJKEHHEM JKECTKOT'O DJIEMEHTA HIIH, YTO TO JKE€ CaMOE, IOJIOKEHHEM
[IAPHUPOB TI0CTE AePOpMaITi.

M3 HOBOro NOJOXEHUS UIAPHUPOB OIYCTUTh MEPHEHAMKYJSAPHl Ha MPOJOIKEHUE
CTEpKHEH, OTCEKAIOIUX UX YUIMHEHUE (UM YKOPOUYEHHE).

Jnst  momyuyuBIIEeWcsT CXeMbl HIIEM CBA3b MEXKAY TMepeMEelIeHUsIMH IIapHUpPOB U
YAJINHEHUSIMU CTEPHKHEM.

[IprmeneHre 0O0paTHOrO METOIa 3aceUeK K 3aJaHHOW CHCTEME MoKa3aHo Ha puc. 1511.4.

LSS LSS LSS LSS YL

(15.2).

Puc. 15I1.4. OOpaTHBII METO] 3aceUeK

U3 HO,HO6I/IH TPEYTOJIbHUKOB 3alIMCbIBAEM CBS3b MCKAY ICPCMCUICHUSAMU IAPHUPOB
AL, AL, AL, AL, 3

24 - = (15.3),
AC AD AK AM AB
rre 0 — nepeMelieHHe TOUKHU MTPHUII0KEHHS CHIIBI.
Beripaxenne (15.3) ananoruuso BeipaxkeHuro (15.1).
PaccmarpuBas panee TpeyrojibHUKH EPEMEILIEHUH TOTyYaeM
AL AL
CCl=AL, DDl1=AL, KKi=—1— MM1=—1_ (15.4).
sin(¢3) sin (¢4)
Bripaxenue (15.4) ananoruyno Beipaxkenuto (15.2).
N-L
TTockoJBKy IPOJOJIBHOE YCHIINE T10 AIHHE CTEPIKHS MOCTOSHHO, To AL = T4

Jis pemieHnst cucTeMBl 4-X ypaBHEHHH (TpeX ypaBHEHHH COBMECTHOCTH TEpEeMEIeHIA 1
OJTHOTO ypaBHEHHs paBHOBecusi) B Mathcad ucrnonb3yem BblUHCIHTENBHBIN 050K given-
find (puc. 15I1.5). Bkarouenue aByx mapamerpoB B GyHkumun AL u A cBs3aHO ¢ Tem, 4TO
Mathcad He mormyckaeT HaM4Hs MApaMETPOB C MHICKCAMH B JICBOI 4acTH BBIpaKCHHA (B
Ha3zBaHUM (yHKIHHK). bioky given-find nmpexamecTByeT HavyanpHOE PUOIIKCHAE TS BCEX
HCKOMBIX BEWYNH (4-X TPOAOJIBHBIX YCHITHH).
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yANWHEHWA cTepKHed MepeMeLleHNs LWapHUPOB

WL, AQT.D = ALY 5

A sin( ;)

PeweHne cucTemMbl ypaBHEHHMIA

AL 1) = tn = rows(A) 1=1.m

YPREEHeHWe DEBHOBEeCKA

1 HEYanEHLE ; = .
s e e Given  FLp- Z I ;- Li-sin{ ;) = 0
1 o
{e=
YPABHEHHA COBMECTHOCTH NepemMellgHHA
A1, 1) &y _ A(Mz,2) k7 A(Nz,2) %z _ A(M3,3) k3 A[N3,3)ks _ A(14,4) k4
L Lz Lz L3 L3 La

I = Find| My 23 173, 14 |

PesynbTatbl pacyeTa

3 o 0.04
%
5 o 54 92T 0.081
N= HH o=— o= 3Ila AL i) = MM
4 A 40 e 0.086
g 21 0.14

Puc. 15I1.5. PacueTHble 3aBUCUMOCTH U PE3YJIbTAThI pacueTa MapHUPHO-CTEPKHEBONW CUCTEMBI

st cornacoBaHusi 3HaKOB IIPOJOJIBHBIX YCWIMH M IIEPEMEIIEHUN IPU YJUIMHEHUU WU
YKOPOUCHHH CTEP)KHEH B ypaBHEHHUSIX MCIIONB30BaH KOG dHIMeHT K .

Jlnst ipoBepKH MPaBHIBHOCTH PaOOTHI aIrOpUTMa 3a7adn yOepuTe IBa CTEpKHs, TOUYHEE,
cAeslaiiTe IUIoLaAb NOMNEPEUYHOTO CEYEHMsI ABYX CTEp)KHEH HHUYTOXKHO MaJloH, HampuUMEp,

A4=107"% cM’, TTOMeHsiiiTe 3HAKH Kod(hHUIHEHTOB K , Kak ObI MEHSISI ITOJIOKEHHE CTePKHEil
(BBIIIE WM HUXE OATKH).

TTocKONBKY pacueTsl BEMyTCS C YYE€TOM pPa3sMEpPHOCTEH, B Hadaje MpOrpaMMbl BBEICHBI
TPOM3BOJIHBIC Pa3MEPHOCTH (HAa PYCCKOM SI3BIKE), @ B YHMCICHHBIX OTBETAX MPUXOIMUTCS
BIMCHIBATH HY)XHYIO Pa3MEpPHOCTh BPYYHYIO (B JOMOJHUTEIBHBIA YEPHBIH KBaJPATHK
BBOJIA).

B paccMOTpeHHOM mpuMepe Bce ObLIO U3BECTHO U 3a]1a4a PacueTyrKa CBEIach K POBEPKE

BBIIIOJIHCHUA YCJIOBHA IIPOYHOCTH 1MAX O < [U] . Ecmn ycCjioBuUE€ TIPOYHOCTH HE

BBITIOJHACTCS, PACUYETUYNMK MOXKET, H3MEHSSI HCXOIHBIE [aHHBIE BPYYHYI (yMEHbIIas
Harpy3Ky WIH yBEeJIM4YHMBas IJIOMAAN CEYEHHN) TOOUTHCS €T0 BBIOIHEHHUS.

Eciu tpebyercss ompenenuTs NOIMYCKaeMyl0 HAarpy3Ky M3 YCJIOBHSI IPOYHOCTH, TO €€
MO>KHO HalTH U3 CIeAYIOLIEH NPONOpLUH

maxo F

[o] [F]
roe [' — neiictByroias Harpyska, a [F ] — JIOTTyCKaeMasi Harpyska.

Ecmm Tpe6yeTc91 HO,H06paTL pasMEepbl MONCPCUHBIX CEeUeHHUI CTCp)KHeﬁ, TO H3 YCJIOBUA
IIPOYHOCTH

max o = % <[o] HaXO/IHM A> N

(o]

BHUMAHUE

VYcioBre MPOYHOCTH OJTHO U ITO3BOJISICT OMPEISIUTh JHIIb OAHY HEU3BECTHYIO BEIMUMHY:
100 OJIHY CHUITY, TMO0 OHY IUIOIIA/b CEUCHUS.

B paccMoTpeHHOM IpHMepe CTep)KHH padOTaloT Ha PacTshKEeHHEe WM Ha cxarue. Cienyer
UMETh B BHJLY, YTO pacdeTHbIe (JOPMYJIbI IIPU PACTSHKEHUH WM CKATUU OJHH, & IIPOYHOCTh
MaTepualioB Ha pacTsDKEHME WM CXKaTHe MOXKeT OBITh pa3nnuHoil. B Takom ciyuae
IIPOBEPKY Ha MPOYHOCTb HYXKHO J€NaTb OTHAENBHO Ul PACTAHYTBIX W JJI1 C3KaThIX
CTEPKHEH, UCIIONb3Ysl Pa3IMYHbIE IOIYyCKAEMbIE HANIPSDKEHMSI HA PACTSKEHUE U Ha CKaTHE.

BHUMAHUE

JInTuHHBIE, TOHKHE CTEPXKHU HE MOTYT padoraTh Ha cxatne. OHM TEPSAIOT yCTOHYMBOCTD
(cxaThe CMEHSeTCs] M3rnOOM — CTEp)KEHb BBITyYHBACTCS) TIPH HATPy3KE B HECKOIBKO
&pa3 MEHbIIIE JIOMyCKAaeMOM.
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OpHoBpeMeHHoe Bo3OeiCTBME Ha CUCTEMY BHELLHEN CUMbl, UBMEHEHUS
TemnepaTypbl U MOHTaXXHOW OLINOKN

VYcenoxaum pacuer. IlycTh Ha CHUCTEMBI, KpOME€ BHEIIHEW CHIIBI, JEWCTBYET TaKkKe
M3MEHEHHE TEMIIEPATYpbl U MOHTa)KHasl OLIMOKaA.

K wucxomHeIM JaHHBIM [00aBJIEHBI: HM3MEHEHHE TeMmneparypsl Af, koaddumueHt
JIMHEHHOTO pacIIMpeHUs] MaTepHaa CTepKHEH o , MOHTa)KHas OIINOKa A .

Yro6bl y4ecTb HarpeB CTEP)KHEH M MOHTa)XKHYIO IOTPELIHOCTh NMpH COOpKE, CyMMapHOE
YIJIMHEHUE CTEP>KHSI 3aIIMILIEM B BUJIE

ALZM-FL'(Z'AI-FA
E-4

MOHT *°

Jpyrux u3MeHeHU! 1o CPaBHEHHUIO ¢ Mpeablayllel 3agauell HeT. PacueTHble 3aBUCHUMOCTH,
YUUTHIBAIOIINE U3MEHEHHE TEMIIEpaTypbl 1 MOHTXXHYIO OIIMOKY IToKa3aHsl Ha puc. 1511.6.

HArpee CTepHA MOHTEHHEA NOTPEWHOCTE
At = 20 0
= 0.1
o= 12510 i = “MM
-0.1
0

YAMUHEHWA CTEpHHEH nepemMallEHUs WapHUpoE

Bl AL, i)

AL, = + Log oA+ Ay, AQT,) = B - -
: :

i
1=1.m
FellsHre cHCTEME! YDAEHEHHHA

1 YpaBHEHWE PABHOBSCHA

1 g HauanbHble m
1| MPMOMIKeHNA  Given  (ENEESI I My Li-sin( ¢1) = 0

1 =il

YPABHEHMA COBMECTHOCTH NepeMelleHMH

ANy, 1)k A(Nz,2)ky  A(Nz,2)ky  A(N3,3) ks  A(N3,3) ks

A(14,4) kg

Ly Lz Ly L3 Ls L4

M = Find{ 17y, M3 N3 M4

Puc. 15I1.6. PacueTHble 3aBUCUMOCTH, YUUTHIBAIOIINE U3MEHEHUE TEMIIEPATYPI U MOHTAXKHYIO
HOTPEIIHOCTh

Just nposepku pacueroB monoxkure Af=0 u A, .. =0. Pesymbrarsl pacuera OymyT
COOTBETCTBOBATh TOJBKO ACUCTBHIO BHEIIHUX cwil. HaliauTe OTAENbHO HANpSKEHHS OT
W3MEHEHHS TEMIIEPATYPHI M OTAEIBHO OT MOHTa)KHOM OIIHOKH.

Kazanocp Obl BpenHbIE MOHTa)KHBIE OIIMOKH JAIOT BO3MOXKHOCTH IOBBIIICHUS TPOYHOCTH
KOHCTpykuuu. [IpenrycMoTpeB B KOHCTPYKIMHM BO3MOXHOCTb HPEIBAPUTEIBHOIO HATSTa
CTepKHEH (IyTeM 3aTsDKKH OOJITOB), TO €CTh 3a/aBas KOHCTPYKTUBHO MOHTa)XKHBIN 3a30p,
MOYKHO BBI3BATh ITOSIBIICHHE B CTEPKHSX JIOMOIHUTEIBHBIX HANPSDKEHUH.

OTH HaNpsDKEHNUS, CKIIaIbIBasiCh ¢ pa0OYMMH HANPSDKEHUSMH OT BHEITHEH Harpy3KH, MOTYT
YBEJIMYUTh MM YMEHBIIMTh Max G . 3ajada KOHCTPYKTOpPa — BbIOpaTh ONTHMAIbHYIO
BEJINUMHY NPEJBAPUTEIILHOTO HATSTa CTEPKHEH.
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[Mpumep 16. PacyeTt npoctenunx
coeMHEHUN.

(Mporpamma 16-soedin.mcd)

DTOT mpUMEp CIMIIKOM IPOCT, YTOOBI Hcmoin30BaTh Mathcad mis pacueror. Bpewms,
KOTOpPOE HYXHO IOTPAaTHTh Ha COCTABIICHHWE MPOrpaMMbI ropaszfo OoJblie, 4eM BpeMs
pacdeTa ¢ MOMOUIBIO MHUKPOKaNbKyJsaTopa. OJHAKO, €CIHM €CTh FOTOBas MpOrpaMma, TO
CTOUT BOCHOJIB30BaThCs ero (puc. 16I1.1 — 16I1.3).

Pacuer mpou3BOAMTCS C yY4ETOM Pa3MEPHOCTEi, MOATOMY B Havaje MpOrpaMMbl BBEICHBI
[POM3BOJIHbIE pa3MepHOCTH. Jlajee 3aJaHbl MCXOIHBIE JaHHbIE JUIA pacdera: cuwia F u
JIOITyCKaeMbIe HATIPSDKEHUS Ha pacTshKeHue, cpes u cmsrue (puc, 1611.1).

5
M 00 s Sorn 00t Swnionia Ml 106-—2
Harpyska [onyckaemble HanpsxeHWs i
F= 106 Opaer = 100MIIa Gy = 200 Ml Tepepa = 50-MITa

BblyMcneHWe pasmepoB ceMeHUIA
Pacuer tarn nyTem pelleHWA YCNoBUA NPOYHOCTH
c nomowbk dhyHKUMKU root

i

2
PacyeT Ha pacTaxKeHue Ald) = %

E
d=1lem d:i=root| —— = Opaer,d d = 11.284 mm
Ald)
Pac4eT Ha cpes Ay =m-dh
B
h=1em h= root[m = TcpeaaahJ h = 5642 nma
e 2
PacyeT Ha cmATHe A(D) = % = %

i
D=15mm D = root| —— — Seopar. D D= 1382mm
4(D)

Puc. 1611.1 PacueT Taru

[anee pacyer Tpex COeIMHEHWI: TArW, WITU(TA, CBApPHOTO IIBA HA PACTSDKEHHUE, Cpes,
CMSITHE.

@dopma ycroBUs IPOYHOCTH BO BCEX CIIydasx pacdera oguHakoBa. OHO mpHOOpeTaeT BUX
paBeHCTBa, Tak kKak Mathcad He BBIOTHSET YHCICHHBIX PACUETOB C HEPABEHCTBAMH.

Jns perneHus paBeHCTBAa MCHONB3yeTcsl (GyHKIMsA root, kotopas TpeOyeT HOACTaHOBKH

BBIPD@KEHHUA, PABHOI'O HYJIIO, II03TOMY BMECTO YCIOBHUS INPOYHOCTH O pae S[O’]

UCIIOJIb3Y€ETCS BBIDAKEHUE Oy — [O'] =0.

B nomyuuBmemcs: yHUBEpCaIbHOM BBIpaKeHUH ((PYHKIMH ITPOYHOCTH) 1T KAXKIOTO BHIA
pacdyera HaJ0 BBECTHM CBOM HEW3BECTHBIM pa3Mep, KOTOPbIM HYXHO HAaWTU W BUJ
JIOITYyCKaeMOTO HAIPSKEHHSL.

Ilepen kaxgpIM pacdeToOM HAJ0 BBECTH CBOE BBIPAKCHUE VIS IUIOMIAAM IONEPEYHOTO
ceueHus (pacTsHKCHUS, Cpe3a WK CMATHA) KakK (QyHKIUIO OT UICKOMOT'0 pa3Mepa.
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Pacuyet wrudcra

ChIAT

—aval .o
SNHINNN

[
Ll

F Y

2
PacuyeTt Ha cpes Ald) = i
d=1lcum d=root E—Icpega,d d = 15558 mm
Pac4yeT HacmATHMe A4A¢h) = hd
F
h=01lcm h=root| —-0C ,h h=3133mm
(A(h) S ]

Puc. 16I1.2 Pacuer mrudra

Pac4er cBapHOro wiBa & = 5.um F = 100xH
i

-
| L

o

. : 5
.L{r_l »

M & : E
" 9] —J: E )/] ]'_P
f i - ‘___I | F
Pac4eT nnacTWHbI Ha pa3pbIB Ab) =b&
b=1lecm b= root(m — Opact: b b = 200 1

PacyeT Ha cpes cBapHoro wsa A(L) = 5-:05(E]-(2-L+ b

F
L.=1lcu: |JEES root[m = TcpESaaL] L = 182 843 wu

Puc. 16I1.3 Pacyer cBapHoOro 1mBa

Kaxnomy pacuery mpeamecTByeT HadyaJbHOE NPUOIMKEHHE HEN3BECTHOH, KOTOPYIO Halo
OIIPEEIHTb.

Tak kak pacder BeAeTCS C YY4ETOM pa3MEpHOCTEH, TO M HadallbHOE NPHOJMKEHHE Halo
3a7aBaTh B BHJE NIPOU3BEICHUS YUCIa HA Pa3MEpHOCTb. I MoydeHus pe3yibrarta B MM
HEOOXOIMMO IIENKHYTh MBIIIBI0 Ha pe3ysbTaTe U B YEPHBIA KBaJpaTHK CIIpaBa OT YMCIa
BIIMCATh TPEOYEMYIO Pa3MEPHOCTH (MM).
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[Mpumep 17. KpyyeHne ctatnyecku -
onpenenmMmMoro CTepPXXHS.

(Mporpamma 17-kruch1.mcd)

PaccmoTpum nipumep pacyera Ha KpydeHHE OJHOTO CTEPIKHS, B KOTOPOM OYJET yUTEHO BCE
cpa3y: pasjMuHble 0 YUCIY U BEJIMYMHE MOMEHTBI, Pa3jIMUHbIE IJUHBI YYACTKOB M
pa3u4yHbIe (POPMBI OTIEPEYHBIX CCUCHHIMA.

VYcnoBHast pacueTHas cxeMma 3anauu npuBeneHa Ha puc. 17[1.1. YcnoBHOCTH cXembl

COCTOUT B TOM, YTO Ha CXEMC ITIOKa3aHbI JIMIIb OIWH COCpCI[OTO‘IeHHLIﬁ MOMCHT Mi n

OIIMH paclpefeneHHbIH M, 4ToOBl HE 3arpOMOXKIATh CXeMy OONBIIMM KOIHYECTBOM

obo3HaueHnid. TOYHO Takke ObUIa pacCMOTPEHA YCJOBHAsh CXEMa HarpyKeHHsl CTEPXKHS
IPU PACTSLHKEHUH-CXKATUH.

B paccmarpuBaeMoM ganee mpuMepe CTEpXKEHb HArpy»KeH TpeMsl COCPEJOTOYEHHBIMU U
JIBYMSI paclpe/ie]ICHHBIMA MOMEHTAMH, XOTSI YHCIIO0 HArPY30K MOXKET OBITH JIFOOBIM.

IIo ¢dopme mnomepeyHOro cedeHMsi CTEPKEHb pas3/leeH Ha TPH ydacTKa: KPYTJIBIH,
KOJIBLICBOM, TPSMOYTONBHBIN, XOTS YUCIO yYYAaCTKOB C PA3IMYHON (DOPMON TOIMEPEIHOTO
CEUCHHUS MOKET OBITH JIFOOBIM.

Ld2

A
A

ST -~
(]
7
— P2 (R TR

, ,

(Gt

v \% = L
i< L i >

L

d
|

Puc. 1711.1. YcioBHas pacueTHasi CXeMa Harpy »KeHUsl CTEpP>KHS NIPU KPy4EHUU

Ha pucynxke 1711.2 nmpuBeneHbl NCXOMHBIE JaHHBIC UM pacueTa. Tak Kak 3ajada pemraercs
C y4eTOM pa3MepHOCTEeH, B Hayajie MPOTrpaMMbl BBEICHBI IMPOM3BOIHBIE Pa3MEpHOCTH Ha
PYCCKOM SI3BIKE.

Jlanee eIMHCTBEHHAs XapaKTEPUCTUKA Marepuana — MoayJb capura G s cranmu.

3areM — pa3Mephl MONEPEUHBIX CEUCHUH M TPAHUIIBI YIACTKOB C PA3IMYHBIMH CEYCHUSMHI
Ly, Harpysku: TpH cocpenoTodeHHbIX MoMenta M u gBa pacnpenmeneHHbIX M,

KOOPAMHATHI CCYCHUH, IJIe OHU IIPHIIOMKEHBL: Il COCPEJOTOUCHHBIX MOMEHTOB Ly, , mmst
pacmpe/ie/ieHHbIX MOMEHTOB yKa3aHbl Hauano Ly, ¥ xoHen narpysku L, , momas mmuxa

crepxHst L, quana3on u3MeHeHuUs: 3HAYEHUI KOOPIUHATHI X .
B mporecce paboThl ¢ MPUMEPOM ITOMEHSIHTE JII00bIE HCXOAHBIC JaHHBIE M IIOCMOTPUTE Ha
pE3yJIbTaThl pacueTa.
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rpag =deg mo=m cm:=001m nm:=0001m

I
KH = 1000 sHwm = 1000Mm Hwm=Nm Mla= 106-—2
m
McxoaHbIe AaHHbIE G = 8.104-Mﬂa MOOYNE CABMIE
Fazmepkl cedeHMA
ANA Kpyra D1 = 50 1m B34
ANA KoneUa d=40mm D =50mm L=1m Ly-= o
ANA NPAMOYTONEHOMD CeYeHA '
b= 50 mm h:= 50.1m hb = %
BHewWwHWe MOMEHTbI 1 KoopaWHaTa UX NpunoXxeHWA
00 10
L
L= 700 |-Hm Lpg=| 30 | cm = U-M,ﬁ..L
—a00 &)
~3000) oy 10 40
tn = e = - = - ChI
2000 ) EET | fane =

Puc. 1711.2. NcxonHble JaHHBIE K pacueTy CTEPXHsI Ha KpyUeHUe

[lanee B mporpamme 3anucaH aIrOpUTM PEIICHHS CTaTHYECKU-OTPEICTUMOM 3a1atdH.
3amuce BBIpaKEHHWST AU KpyTsamero momeHTa (pue. 17I1.3) anamormyna 3ammcw,
UCTIONB30BaHHOM B pumepe 10, To eCTh ¢ HCIOIb30BaHNEM OYIIEBBIX ONIEPATOPOB YCIOBHS
3amMcaHa CyMMa MOMEHTOB, PacIIOI0KEHHBIX 110 OHY CTOPOHY OT CE4EHHMS CTEPXKHS.

st yueta pacnpelienleHHOM Harpys3kd BBEIEHO JBa BblpakeHus. IlepBoe Iuis Harpysku
MEPEMEHHOI HHTEHCHBHOCTH. DTO MHTETPaJIbHOE BRIpaskeHHe (ToryOoro npera), B KOTOpoe
BXOJUT (DYHKIMS MHTCHCUBHOCTH Paclpe/elIeHHONW Harpy3Ku IO BCe JUTMHE CTepikHS (Ha
puc. 1711.3 BBepxy cneBa). Btopoe BbIpakeHHe (KENTOro IBETa) ISl HArpy3Ku
MIOCTOSIHHOW WHTEHCHBHOCTH. B HeM pacnpeneneHHas Harpy3ka MpOAOJDKEHa 10 KOHIa
crepkHst. UToOBI cymMMapHas Harpy3ka HE W3MEHWIIAch, INPWIOKEHAa BTOpas Harpyska
MPOTUBOIOJIOKHOTO 3HaKa OT CEYEHHMs, TJe JODKHA ObUIa 3aKOHYHTHCS INEepBas Harpyska
JI0 KOHIIa cTepxHs. CleayeT OTMETUTh, YTO PacdeT C Y4eTOM HHTEIrPajJbHOTO BBHIPAKEHHS
MIPOJIOJDKAETCSL pa3 B CTO JAOJIBINE, YeM BTOPOTO BhIpakeHHUs (0e3 mHTerpana). Omopa
KpyTSIIUX MOMEHTOB NpuBeaeHa Ha puc. 1711.6.

[eoMeTpHYEeCKHE XApPAKTEPUCTHKH CCYCHHS: MOMEHT HHEPILUM [PH KpydeHHH J, U

MOMCHT COIIPOTHUBJICHUA TIIpU KPYUYCHUU WK 3allMCadbl B  BHJC (1)yHKIII/II/I C

UCIIONIb30BaHUEM OllepaTopa YCJIOBHS ¢ MaHeNlu nporpammuposanus (puc. 17I1.4). Takas
¢opma 3ammcu ycnoBusi HamOosee HarnmsgHa. DakTHUECKW Ha SKpaHEe BHJAEH IEpEUCHb
(hopMyJ1 T MCTIONB30BAHHBIX (POPM ITOIIEPEUHOTO CEUEHMUS.

Ecnm y Bamero crepkHsi Ooibllle, 4eM TpH y4acTKa C pa3IMYHBIMH CEUYEHHUSIMH, B
OTepaTophl MPOrPaMMHUPOBAHKS HAZ0 JO0OABUTH CTPOKH U BBECTH BBIPAXKEHHMS JUIA IPYTUX
(hopM mOTnIepeUHBIX CEYCHHH.

Jlns BBOAA MOTOSHMTENBHOM CTPOKM HAI0 YCTAHOBHTH KypcOp B KOHELl MPEIbIAyIIEeH
CTPOKH, KiaBWiei Space (mpobein) BBIICIUTH CTPOKY IEJIMKOM, 3aTeM Ha IMaHeIH
nporpammupoBanusi BeiOpate Add Line, B mosBuBIICeCSs MECTO BBOJAA BIHCATh HOBOE
BBIPAJKCHUE.

OnpeaeneHue K AWKMX MOMEHTOB
pea RYTAL Ece npaBunsHo W NPoCcTo, HO BEINUCNEHKE

mrnfs) = |mp £ Lpg < % = Loy WHTEMPANE OT MHTEMpAaNa (yYron akpyYMBaHuaA)
1 1 NPOCKOAMT Hy O4eHE J0Nro
my if Im}IQ =X Im<2
rows (M)

)4
[o.@] e M= Mi-["x>LMi']+f e (x)
M = ' ; 0

Bez wHTerpana pacdet noeT paz & 100 OricTpes

rows (M) . rowrs () . rowsim) .
M (%) = Z Ml[x > LMi_-] + Z mi-[.x— Lmﬂlj[x = Lm_Hi] - Z mi-|:.x— Lm_Kl][x = LmKil

i=1 e 1=

Puc. 1711.3. Onpenenenue KpyTsIIEero MOMEHTa
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3aechb CKpbIT pacyeT KoachpUUMEHTOB o, [, Y ANA pacyeTa NpAMOYroNbHOro cevyeHus

|
=

AB0RHOM Wen4ek MWL Ha 9TOR MMHKMY DACKDEIEEST 2aKPLITYIO 30HY W 3EKDEIBAST PACKPEITYIO.

MomenTH HHEpUHH
MoMeHTH ConpoTHEIEHHA

T
= ||l==- =
Jiel=) - D1 i x <1y e %_D13 fozxsly

i
s =
CalbD S Tl el ﬁ@whb2f141<st%

[EEGIES ()

MOMEHTH HHEpUHH JK H CONpOTHEIEHHA Wk

100
Jg (=)
CM4
Wz S0
CM3
100 i & 10 10 s

Puc. 1711.4. OnpenencHre MOMEHTa WHEPIIMHA © MOMEHTA COMPOTHUBIICHUS TIPH KPYUCHUH

Jnst onpeneneHus MOMEHTa MHepLUMU J, W MOMeHTa conpoTuBieHus W, mpu KpydeHuu

IUTS CTEPKHS IPSAMOYTOJIBHOTO TIOIIEPEIHOTO CEIECHHUS HEOOXOIMMO 3a1aTh KO OHUIHEHTHI
o, B, v, 3aBHCAIIME OT OTHOLIEHHS CTOPOH NPAMOYrojbHMKa b u h, tme b < h. Jlus

aBTOMATH3allMM pPacyeToB B CKPBITOH 30HE MOMENIEH pacyeT 3TUX KOo3((UIIMEHTOB.
Hcxoanas Tabmuna Kod(QQUIMEHTOB NpeBpamieHa B (PyHKIUIO OT COOTHOIICHHS CTOPOH
h/b ¢ nomompio dynkuuii untepnonsimu. CKpbITas 30Ha PAacKphITa W TOKa3aHa Ha

puc. 171L5.

Gl 0208 00N
0.196 0231 0859 1.5
0.229 0.246 0795 2
0.24% 0256 0766 2.5 xl'=1.10
0.263 0.267 0753

{13

3
{3y {47
0.281 0.282 0745 4 |al:=abc
6
g

abe = il = abCQ) £l = abe'™” Wbl = abe

0.289 0.28% 0743
0.307 0307 0743

BEE @E1E s 0 Pl
0333 0.332 0743 100 vix) = mterp(lsplnelhbl , c13 hb1,cl,x)

& (x) = mterp(lspline(hbl, al) hbl,al,x)

= interp(lspline (hb1,b1) kb1, b1,%)

1 (]
0.2 "_
o1 0.8 ‘--..Q..... ..... Y e - q
aee 07
oixzl) p§
By O k
LN NI D4 3
vwixl) N T L e pe B M ;
SRR g ;
0.1
0

hhi ,xl

Puc. 1711.5. Onpenenenne ko3QpPpUIUEHTOB A1 pacyeTa MOMEHTAa HHEPLIMU U MOMEHTa
COIPOTUBIICHUS MIPU KPYUECHHH CTEPKHEH MPSMOYTOIBHOTO CEUCHUS

st pacyera MakCUMaJbHBIX HAlpPsDKEHUH M YIJIOB IIOBOPOTA CEUCHUH CTEpP)KHS BBEICHBI
(dhopmymsl 1 ux Beraucinenus (puc. 1711.6).



OOparute BHHUMaHHE, YTO IMOCKOJBbKY yroji IOBOPOTa OTCUUTHIBAETCS OT HEMOJABHMKHOU
3aJICJIKH, B BRIPOKEHHUH IS yIila MOBOpOTa HHTerpan 6epercst He ot 0 1o X, aor L mo X.

58 ¥rael moBopoTa cedeHHI MakcHMANEHEIe HANPAMKeHHA
g I
X
e G;k((i) i EeEl
; W)

MocKonkRy YTON NOBOPOTA OTCHYMTEIEASTCA OT HENOMBMHHORA
3A02NkH, B BeIPEHEHWK ANA YTNa NOBOPOTA CeYeHWA MHTErpan
BepetcaHe oT 00X, aoTlL gox

0a

04 |
M) ‘”
e e ||| ||‘| ||| |‘ it

=\|||\|||||\|||\|||||\|||\|||||\|||\|||mn il

% i} I| ” il |||||||I||||||||II|IIII||II|-,
tmax(x)
MIIa-100 0.2

-0.4

-0.6

0.8 0.6 0.4 0.2 0

b4
Puc. 1711.6. Pe3ynbraTel pacueTa CTaTUYECKU-ONPEIEIMMOTO CTEPAKHS HA KpYUeHUe

I'padukn u3MeHeHMs yria MOBOPOTa CEUCHUS () M MaKCUMANbHBIX HANPSDKEHUH T

npuBeneHsl Ha puc. 1711.6. Ha sToM e pucyHke mokazaHa 3Iopa KpyTSIIUX MOMEHTOB
(3amTpuxoBaHa).



[Mpumep 18. KpyyeHune crtatnyeckm -
59 HeonpeaernMMoro CTEPXKHA.

(Mporpamma 18-kruch2.mcd)

CranpHas TpyOa anuHOM 1 MeTp, 3alieMyieHHas OJHUM KOHIIOM (TIpaBbIM), Harpy)keHa
Tpems napamu cuin M, , IpUIOKEHHBIMH B ceueHUsX Lyy; . C 1eBOoH CTOPOHBI B CEUCHUH

A HaNoXKEeHO OrpaHMYCHHE Ha yroJ noBopora ceuenus. 3agano Ly, =0 u ¢4 =0, 10O ecth
B ceueHMn A — KecTkas 3ajeika. B mpuHIMIe 3T0 mepemelieHue ¢, MOXET OBITh

Tr00BIM, KaKk W TMOJOKeHHe ceueHusi A. B pesynbrate CTepikeHb CTal CTaTHYSCKH-
HEOoINpeeIMMbIM ITPU HAJ0KEHUH Ha HETO JAOTOJIHUTEIBLHOM CBSA3U. DTa CBsI3b MOXKET OBbITh
JKECTKOW WM YIPYTOif, M HaJlOKeHa B JIIOOOM CEYCHUH CTepXkHs. PacueTHast cxema TpyOBbI
noka3aHa Ha puc. 18I1.1. McxonHble naHHbIe AN pacueTa nNpuBeaeHsl Ha puc. 18I1.2.

YCI0BHEM NPOYHOCTH SABISIETCS Ty, < [t], B pacuere [t] oGosHaueHo T, , Tak Kak s
Mathcad kBagparHble CKOOKM — 3TO MAaTeMaTHYECKUil Omeparop. YCIOBHE KECTKOCTH
op < [d)B] =0 . Takum 00Opa3om, CBA3b HAIOXEHA B HEKOTOPOM CEUCHHH A, ycioBue

KECTKOCTH IMPOBEPACTCA B IPYIOM CCUECHNUU B.

M M M 1l

s My 7 3
A4 ek 2
7 %
‘L'Mll =4 X
Lo
Iy
Loz
ot L L

Puc. 1811.1. PacyeTHas cxeMa CTaTHYEeCKU-HEOMPEICTHMOTO CTEPKHSI, pPabOTAIONIEro Ha KpydeHHE

mem H=N o= 10008 Mla-= mﬁ-ﬂ2

=)

KHu = 1000 Mm  Hwm=MNm rag:.= deg
McxoﬂHble AdaHHble
Li=1lu G=810" Mla Ty = 50 M

AuareTp Tpyhsl (B NepBok NPRENEHEHK)
2afaH mofaneHD Hiwe rpadivka

=09 (Tpybaa=dD) d=D«

I'Iapbl CHUN M KOORpAWHAaTBI UX NPUNOXEHWA

=500 10
L= 700 |Hm L= 30 |cm
—200 &0

3anasmcd NoncHeHWeM TOUKW, TAE HANCHEHD orpaHuHeHne LA
W YoM NOBOROTE ¢ a B MECTE 22 HanoHeHns

B NeBoH
La=0m |bg =08 onone  nomensitTe

[MpoBepWTE YCNOBKE MeCTHOCTH B TOYKe B La W A
Lp =50cu ¢p = 03rpag Lp = ¢p
Puc. 1811.2. Mcxoauble 1aHHbIE 1715 pacyeTa

Jns mpoBemeHHs pacdeTa Halo 3alicaTh I'E€OMETPUYECKHE XapPAKTEPUCTHUKH CEUYEHHS
TPYOBI, BRIPAXKCHUS U KPYTAMIETO MOMEHTa  yria moBopota (puc. 18I1.3). [Tockonbky
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peakuusd HAJIO)KEHHOH CBS3HU M A HCHU3BCCTHA, TO OHA JOJDKHA BXOAUTH B MIAPAMETPhI BCEX

BBIpa)KGHHﬁ, NpeAUICCTBYIOMINX €€ ONPEACIICHULO. C Y4Y€TOM 3TOT'0 3aHOBO ONPECACIIAEM
BBIpAXKCHUA JIA KPYTAIIETO MOMECHTA, YIjla IMOBOPOTa M MAKCHUMaJIBHOTO KacaTE€JIbHOT'O

HanpspkeHust. Bemmunny M, onpenemsieM u3 ypaBHEHHS HEpa3phIBHOCTH IIEPEMELICHHIT
@(M p,Lp) =@, c nomorusio dyuximu root (puc. 1811.3).

Jarnee ompenenseM AuaMeTp TPyObI U3 PacyeTOB Ha MPOYHOCTH U JKeCTKOCTh (puc. 1811.4).
Iockonbky B popMyiy misd T,,,, BXOJUT MaKCUMAIbHBIH KpyTSAmWui MoMeHT M, . AJs

€ro HaXOXXACHUSA UCIIOJIb30BaHa IoAIporpaMmma Fmax .

MIOMELICHHAs B CKPBITYIO 30HY. JTa
MOJAIpPOrpaMMa yXe HCIONb30Bajach paHee MpPH ONPENEICHUM BHYTPEHHUX YCUIMH IpU
m3rude (puc. 11I1.6). Pe3ynpTaThl pacdeTa CTaTUYCCKU-HCONMPEACTHUMON 3aqadd Ha
KpydeHue mpuBencHbl Ha puc.18I1.5. Pabortas ¢ mpuMepoM MOMEHAWTE BETUYMHY H

MIOJIOXKCHHE HAJT0KCHHOM CBS3H U YCJIOBUC KECTKOCTHU.

MleomeTpUYECKWE XapaKTEPUCTHUKN
(D = %-D”.l - 054J MOMEHT MHEDLMK

[ 4 MOMEHT CONDOTHENEHKMA
Wic(D) = %-Dj-[.l— o« .

A(D) = ED2[ 1= q_z] nowaib ceveHKA

rows (V)
KpyTawmiAa MOMeHT Mk(:MA,x') - Z [Mi-[_'x . LMiU enalas LA:)
=81
= "
Yron nosopoTa $(D,Ma,x) = w
' G-J (I
i

pelLleHne ypaBHeHMA HepaspbIBHOCTH Aecopmaumid ¢(lLA'] =0

My = 1xHu HavansHoe NpUbnHeHs
Mp = root ¢ (D, Ma,La) - ds,Ma) Mg = 280Hn x = U-M,ﬁ..L
Puc. 18I1.3. Pacuer Ha KpydYeHHE CTATHYCCKH HEOMPEACTMMOTO CTEPXKHSI
OnpeaeneHWe MakCUManbHoOro _ \
KpyTALLero MomeHTa Mmax Mi(x) = Myl MR, %)
30eck CHpRITa Nporpamma Fmax
D
MoMEHARTS NapamMeTobl NOMCKE MAKCHIYRE
Ip=0m Lg=1 N=1000 Moy = Fmae(Mg, L, Le, N)1
Bo3sBpalleHue _ Fmax(Mic, Ly, L, N3
K MICXOAHOM pasmepHocTy  “blmax = o
MWEKCUMANEHEIR MOMEHT Wz = 480 Hm
B CEMEHWH  xpmax = 30.1cm
Mmax
MM D= Scm T Iy o= T I = 57 M0la
OnpeneneHue D M3 ycnoBua Npo4yHoOCTH Trine S Tip
Dol — oot ] D=,
Onpepnenexune D U3 ycnoBus )kecTkocTM  |6(D,Lg) < ¢p
b D = Sem  HavaneHoe NpHONKeHs
$(D 5 - gt Dy = root(¢(D,Lg) - ¢p,D) Dy = 4.87
= G ———— =100 3 = . =4.5/cm
GT(D) ¢ BT By =

L

ErlfMpaen guameTp, yAoBNeTEORAKIWWA OBOKM YCNOBHAM
D = max(Dy,Dg) D= 0.052u

Puc.1811.4. Pacuer Ha Kpy4EeHHE CTATUYECKHU HEOIIPEIEIIMMOT0 CTEPKHS (MPOIOJHKEHUE)
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AuareTp Toyikl 3aaaH mobansHo FacyeTHeld oameTp D = 5.22cm

Mepeoe NpUBMKKEHMEe D = 5.cum

Puc. 18I1.5. Pe3ynbTarhl pacuera cTaTUHUECKU-HEONPEAEIUMOTO CTEPHKHS Ha KpyUeHHE

OO0paruTe BHUMaHHE, YTO Ha BCeX Ipadukax B 3TOM MpHUMEpPe OpAMHATA X HM3MEHsETCS
or L m00.

Tak kak HayaJllo KOOPAMHATBI X B3ATO HAa MPAaBOM KOHIE CTEPXKHS, MPUIIIOCh W Ha
rpadukax M3MEHHUTH HampaBiieHue ocu X. [ 3TOro HaJO BBIICIHTH TpaduK U B MecTax
BBOJIA 110 ocH abciuce BBecTH ciesa L, ciipasa 0.
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Mpumep 19. PacyeTt Ha n3rmb KOHCONbHOW
Banku.

(Mporpamma 19-izgib1.mcd)

OnpenenuM HAMNPSKCHUST M TEPEeMCIICHUS B KOHCOJBHOW Oajke, pacCMOTPEHHOW B
npumepe 11 (OnpegeneHve BHYTPEHHUX YCUNUA Npu M3rnmbe KOHCOmbHOM 6anku).
Cxema OaJikyl U IeiiCTBYIOIINE HA Hee Harpy3KH rmokaszansl Ha puc. 1111.2.

B nawane pacuera Hajo ONpENENUTh BHYTPEHHHE yCWiIHs B Oajike M BBHIOpATh OMAcHOE
cedeHHe. JTa 4yacTb pacyera sBISETCA KOMHUEH pacCMOTPEHHOro paHee mpumepa 11 u
npuseneHa Ha puc. 1111.3 — 11I1.6. Banka ¢ Harpy3kaMu 1 3MIOpbl BHYTPEHHUX YCUIUN B
Hell noka3aHsl Ha puc. 191I1.1.

FeankHos pacnoncHEedye Harpy3oKr Ha banke
P, na,

DOopH H3THD, MOMEHTA H IOIER. CHILL
10
¥

TtH

-
]

0 20 40 a0 80 100

Puc. 1911.1. Dnrops! BHYTPEHHHX yCHIINH B 3a1aHHON Oaike

OnpeneneHne HanpsKeHUn

Jns onpenenenns HanpspKeHHH HEOOXOIMMO 3HATh MOMEHT HHEPLUUHM CEUYECHUS Oaliku.
OmnpenencHue €ro s 3aJaHHOTO KOpPOOYaTOro ceueHWs IokazaHo Ha puc. 1911.2. B
NPUHOUIE JUIA 3TOTO MOXHO HCIIOJB30BaTh MPOTPaMMbl U3 MPUMEPOB 6 M 7, HO HAIl
pacder Oosiee IMPOCTON M HY’>KHBIE ONEPAaTOPhI BKIIOYECHBI B TEKCT NMPOTPAMMBI, HEHYKHbIC
ynanensl. Ha puc. 1911.2 mpuBeneH pacdeT TOJIBKO HEOOXOJMMOTO MOMEHTa HHEPLUH
OTHOCHUTENBEHO HEHTPaIbHOM (LIEHTpaIbHOM) OcH Z .



63

EbICOTE OTESPCTHA B HeM h 3agadel raobansHo

0.1 TONWWHE HIHHER CTEHKK d, BRICOTA CeYEHHA 1
al= il Wn=
EHH3Y QRONO FpadiMka HanpsHeHdd a W -

T —
b=(5 4) - 50 _
SIS . _w A- {24Jcm no=rows(A) i=1.n
hy ha = ]
e [ Y= s ceverue banku
2 2 4 (pazmensl B MM)
T K1 =1-- CnnowHoe cedeHre |
Kl:=(1 -1 i 1
( ) K2 =-1--Blpea i
_— > (45TK1) i
bi-{ by = 7
s p=————— Y.=359%u AR
i 12 f1 5 A0 [y
Z (4 K1;) ——— d
- a0
1=1 e
= 2 4
To0 = Z |:|:.Tz_+Aj-[Yj— e :|-K1j:| I, =T,  Jz=2%9cm
=1
Puc. 1911.2 Pacuer MOMEHTa HHEPLINU COCTABHOI'O CEYEHHMs OaJIKH
ymaz = (B1= Ye)  Fmin=-Yc  ¥= Vmin,Vmin+ % . Fimaz
bbiy) = |by f y> d+hy— ¥,
bi—by f d-To<v=2d+hy-T;
by f v =2d-Y;
M, e Chamse30)
oY) = —— g Sy(y) = J zhb(Ddz Ty = e 2 Onpepenexue
z v bb(y)-Jz MaKCUManbHbIX
DMIOpH HOPM. H KacaT. HaOpaEeHHA HanpsxeHnn
40 ';g HaYaneHoe I'Ipl.-16]'|l.-’|}1‘{eHl.-‘Ie
vl = 0.mm
Tgem = = ( Masdimize (T, 1))
Typax = 10.6MITa
y
i Given Vmin = ¥1 = Vmax
l_ i = o[;Ma}dmize[_'G,yl_\]:]
MM Cmax = 13.7MIIa

Given  Vpin = ¥1 2= Vnay
G = & Minimize (5, y1))
Cypin, = —19.842101a

mo6anbHbIA BBOA
15 pasmepoB ceyYeHun

o) ) = he 06 b
MITa MIla

Puc. 191I1.3. Pacuer HOpMAJIbHBIX M KaCaTEIbHBIX HANPSDKCHUN TIPH U3THOE OalIKu

Pacuer HOpManbHBIX M KacaTeNIbHBIX HANPSDKEHUH NpH M3ruOe Oalku IIOKa3aH Ha
puc. 1911.3.

Camas cioKHasi 4acTh 37ech OO0BsACHMTH Mathcad sormyecku, 4TO MCIIOIL30BaTh B
KauecTBe IMpUHBI ceuenns DD B Qopmyne kacarenbHbix HanpsokeHMi. [TOCKOJNBKY
MIOJIO)KEHHE BBIpE3a B NPSMOYTOJEHOM CEYEHHH IPOM3BOJIEHO, B YCJIOBHBIH OIEpaTop
BKJIFOUCHBI KOHKPETHBIC 3HaYeHUsI B cM. [Ipr HEOOX0AMMOCTH U3MEHHUTH (HOPMY WIIH Jaxke
pasMepbl Ce4eHHs 3TO OINEepaTop JOIDKEH OBITh CKOPPEKTHPOBAH. DIOPHl HOPMAJIBHBIX H
KacaTeJIbHbIX HaIPsHKEHUH 10 BHICOTE CEYCHUSI OalIK [OKa3aHbl Ha TOM ke puc. 1911.3.
DKcTpemMasbHble 3HAYCHUS HAMPSHKEHUIT OMpEeIeNieHbl ¢ MOMOIIbI0 QyHKIMA maximize u
minimize, xoTopbie BO3BPAIAIOT 3HAYCHHE APTyMEHTA, MPH KOTOPOM (DYHKIHS HMEET
aKCTpeMyM. B mpumepe 3TH (DyHKIMM HENOCPEJICTBEHHO HCIOJHSIOT POJib apryMeHTa Mpu
nioucke sKcTpemyma. OyHKIus 7(X) MMEET SPKO BBHIPAKEHHBIH 0€3yCIOBHBIA SKCTPEMYM.

@yukuus o(X) JuHeldHas ¥ 0€3yCIOBHBIM DKCTPEMYM I HEe HalTH Hesb3s. MakcumMyM

1 MUHUMYM (QYHKIMY ONPEASNISIOTCS NPY 3aJaHuH OTPaHUYCHUH Ha KOOpIUHATY Y .
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BHUMAHUE

ITpy HATMYNK OrPAaHUYCHHI HCIIONIB30BAHKE KIIOUYEBOTO CJI0Ba giVeNn 00s3aTeIbHO.

OnpepneneHne nepemeLleHnn 6anku

CaMplii TIpOCTOW CIIOCOO  OIpeneNeHus TMepeMemleHnid Oanku mpu m3rudbe —
HETIOCPEICTBEHHOE MHTErPUPOBAHUE ypaBHeHMs ynpyroi muaud. EJ,U"(X)=M,(X).
OrtuM criocobom Mathcad B cocrosiHMM OnpeienuTh NepeMelleH s TOYTH JI000i Oanku
(KOHCONTPHOM MM HA ABYX OTIOPaX).

[pu pemenun auddepeHnaIbHOr0 ypaBHEeHUs ¢ oMoliblo GyHkiuu odesolve onHo u3
TPaHUYHBIX YCJIOBHH 00s3aTEIbHO JIOJDKHO OBITH 33J1aHO B Hayaje HHTepBaja
UHTETPUPOBAHUS, IOITOMY HAYaI0 KOOPANHAT EPEHOCHM B 3a/IelIKy, 3anucaB x1 =L —x.
Ha puc. 1911.4 nokasano onpezenenue nporuda U(X) u yria nopopora cederust @(X) s

KOHCOJIbHOW Oajku. I'paHMuHbBIe yCIOBUS: NMPOTMO M Yroiyl IOBOPOTa B 3ajeike (B Havaie
HMHTEpBaJa MHTETPUPOBAHUS) PaBHBI HYJIIO.

Oynkuns Odesolve He Moxer paboraTh ¢ pasMepHbIMH BenmumHamu. B Mathcad 11
¢yakmmto  Odesolve  ymaercs  "oOmanyTs". ['paHWYHBIE yCIOBHSA W HHTEpBajl
UHTErpUpOBaHus B 6J10Ke given — odesolve nomkHbl ObITh Oe3pa3sMepHbIMH. Pe3ynbrar Ha
Beixozie U(X) — BenuumHa Oe3pa3mepHas, XOTs M3rHOAIOIIUM MOMEHT, MOyab FOHra u

MOMEHT HHEpPIMH B WCXOJHOM YpPaBHEHHH BEIWYMHBI pa3MepHble. COOTBETCTBEHHO
MHUHUMAIIBHBIA ~ Tporu®, ompexaenseMblil  QyHKImeH mMinimize Takke BeIMYnMHA
Oe3pasMepHas. A BOT TpaduKy IMepeMeIIeHU ITOCTPOCHBI ¢ yUeTOM pasMepHocTelt. [emo B
TOM, 4TO JI000M TpaduK, B IPUHIMIE, HE TpUEMIIeT pa3MepHocTh. Ecii B none rpaduka
BBeleHO, Hanpumep, U(X) / CM , To Juist Mathcad 310 mpocTo 4ucio, AeneHHOe Ha YKCIIO.

BHUMAHUE

B Mathcad 12 — 15 ¢yukuus Odesolve He paboTaet ¢ pa3MepHBIMU BETHUNHAMH.

Bepew x1=0 B 3anenke 1 nepecTpaneaem M. 6. |M2Z(xl) = M (L - x1)| |Q2(x1) = Ol = x1)|

Grven EJpu"{zl) = M2-(x1) o =0 o0} =0 v= Odesolve(xl, 1} &(x) = j—xu(xj

nporub Bank H yTOX HOBOPOTA CEHEHHA

ulzl}
'y 0.2 AN
¢ (=1)
rpan
e <

\

mEsamnnn wnnn e nn | T ——
] 20 40 1] &0 100

L-xl

CM

Puc. 1911.4. Onpenenenne nporu6a U(X) u yrma mosopota ceuenns 6anku @(X) metomom

HETIOCPEACTBECHHOT'O MHTCIPUPOBAHUS YPAaBHECHUSA pryFOﬁ JIMHUM IS OaJiky Ha JIBYX onopax

PaccmoTpuM omperneneHue mepeMeleHni Oalkd METOJOM HadalbHBIX HapameTrpoB. Ha
puc. 19I1.5 BBepxy 3ammcaHo ypaBHeHHe KpbuioBa [uisi MpornO0B KOHCOJBHOW Oaiku.
[Janee 3amucaHO ypaBHEHHE YIVIOB IOBOPOTa cedeHWH. BoT ero mucate yxke He
obsizarenbHo.  Jloctatouno sammcats @ =du/dX. Drto BIpakenme B TIporpamme
OTKJIFOUeHO. BKirrounTe ero. Pe3ynbpTaT He H3MEHHTCS, XOTSI CKOPOCTh BEIYMCIICHUH yIIasieT.
IMockonbKy B HpuUMEpe 3ajeKa HAaXOAUTCs crpasa, rpanuudsie ycnoBus U(L)=0 u
O(L)=0. Pesynbrarsl pacyera nepeMeIleH|H MOJHOCTHIO COBNANAIOT ¢ MPUBEAECHHBIMH

Ha puc. 19I1.4.
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) _ rows () [X L. ] rows(F) [x— LF. ]
EJ'u(_x,ug,GD_) =EJ;ug+E Tz 8px+ Z Ml-f [x = Ly ] Z Pl-i [x > LF]
i=1 i— 1
ows(e) | (x-Lyg)' | s (x- g
Z %T[X > Lqu.] = Z e [x = LqK]
i=1 =1
. . rows () rows(F) [X LF ]
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rows(e) | (x-Lgg)’ rows() | (x- Ty )

+ Z %%[_IX}LE]H;] - Z %T[X>Lq1{]

ET6(x,up,8q) = d—EJu[x up,Bg) BEMUMTE 3TO BEIpaEKeHUe
dx " (pe3yneTaT He M3MEHWTCA)

up = 0-mm Sp = U-rpan Given EJu[L,uD,GD) =10 EJGI::L,uD,GD) =R0

ug L
= Find(ug, 8p) ugp=0281mm  8p=-003rpag x:=0,— .
8 hRe s 100
_ ETu(z,up,8q) _ EI8|x,ug,9p) aHanor npedkbiaylers
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EJ; El;

Puc.1911.5. YpaBHeHus MeToja HauaJIbHBIX [IapaMETPOB Ul KOHCOJIbHON Oanku

[IpuBeneHHass 3ammch ypaBHEHMH METOJa HAYAIBHBIX IApaMeTPOB YHHUBEpCAJIbHA H
TI03BOJISIET OIPEACIIATH IIEPEMELICHUs IIPH JIF0OBIX Harpy3kax Ha Oaiky.

OmnpenenuTtsd nepeMerieHus Oaaky Ipu U3rHde MOXKHO U YHUBEPCATBHBIM YHEPreTHUIECKIM
METOJIOM C ITOMOIIBIO HHTETpana Mopa.

[Ipn mnockoM monepedyHoM n3rude GaaKu MOXKHO HCIOJIB30BaTh TOJIBKO OAHO CIIaraeMoe
nHTerpana Mopa, cogeprkalnee n3rnoaronye MOMEHTEI.

A:Z”:.[MFiM,-dx.

i=1 L E-]
B 5TOM BBEIpaXXeHHH 77 — KOJIMYECTBO YYacTKOB Ha Oainke, My — u3rubaromume MOMEHTHI
OT BCEX BHEIIHUX CWJI, YK€ HalJleHHble B 3Toil mporpamme, M; — MOMEHTHI OT

emuangHOM cunbl F =1wm M =1, npuiokeHHOH B TOUKe, IIE MIIEM IepeMEIleHHe B
HaIPaBJICHUU MPEAIOIAracMoro IepeMenICHUS.

JocrounctBo Mathcad B ToM, 4TO M3rHOarOIIMI MOMEHT I10 BCeil IIMHE Oallk¥ 3alucaH B
BUJIC OJHOW (DYHKIMH C TIOMOIIBIO OYJIEBBIX OMEPATOPOB yCIOBHS. TeM caMbIM OTIAAacT
HEOOXOUMOCTh BBIYHCIISITE CYMMY HHTETPAIOB 110 KOJUYECTBY YYaCTKOB.

I'py3oBas cucremMa co BCeMH BHEIIHUMH HArpy3Kamd JUIs 3aJJaHHON Oallky IOKa3aHa Ha
puc. 1911.1, a enMHUYHBIE CUCTEMBI JUIsl ONPEENICHUs TPOTu0da U yria MoBOPOTa CeYEeHHUs
Oanku mokasansl Ha puc. 1911.6.

F=1 4
XX
B .

Puc.1911.6. Equnuynbie cucTeMbI U1 KOHCOJILHOM Oaku



66

EnvHnYHas cuia NpWIOKEHa B IPOM3BOJNIBHOM cedeHuH XX. Torma, 3amaBasich
JINAMa30HOM 3HAYCHUI XX MOXKHO OMNpPEIESNUTh MEPEMEIICHUs M0 BCel JUIMHE Oallku U
MOCTPOUTH TPa(UKH MepeMeIeHHH.

Wzrubaronme MOMEHTBHI OT EAMHHYHBIX CHJ JUII KOHCOJNBHOW Oaylku NpHBEINECHBI Ha
puc. 19I1.7. Tam >xe 3amucaHbl uMHTerpansl Mopa ans omnpeneneHus mporuba u yria
MOBOPOTA CEUSHHUs OAIIKH.

EnuHMYHAA CHIA OpHIOKEHA B IpOHIBONEHOM CEHEHEH XX. ToTha,
3aaBadcE JHANAI0HOM 3HaUEHHE XX, MOXHO ONPeNeNHTE NepeMEIEHEA o
Bcefl ZnHHE balky H DOCTROHTE MpadHEH NepeMeleHHH.

MOMEHT QT 80WHWYHOA CHNLI ANA onpefensHA I'IDOI—HSE Bankm
WG ) = 1= — =m0 (2 > )
FMOMEHT QT 0HHMYHOA CHNEl ANA ONRedeneH|A yima NoeopoTa Dankm

W20m, =) = -1.(z = =)

i
(=) 11 (o x
Mpart Banku A () = Sl e
EL
A(0 wm) = 0.287 1 g
f
M () B2 (32, )
Y¥Ton NOBOpOTA CeYeHns & () = — dx
B
©(0.m) = —0.033 deg 5

Puc. 1911.7. Onpenenenue nepemMenieHui KOHCOIbHON OaIKu
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Puc. 1911.8 Pe3ynbprathl pacuera nepeMenieHuil KOHCOIbHOI Oamku

PesynbraThl pacuera nepeMerieHuii KOHCOIbHOW Oaiky mokasaHsl Ha puc. 19I1.8. Touku
Ha rpaduke — pe3ysbTaThl paciyera ¢ MOMOIIBI0 HHTerpana Mopa, CIUIONIHbIE JIMHUU —
pacyeT METOJIOM HadyaJIbHBIX TTAPaAMETPOB.

Crenyer 3aMeTWTh, YTO BBIYMCICHHWS HHTErpana Mopa NpOMCXOAAT BO MHOTO pa3
MeJUIEHHEEe, €M HCIIOJIb30BaHNE YPAaBHEHWS HadalbHBIX MapameTpoB. HamomHro, d9TO
BBIUMCIICHHE WHTErpajla camas MeuieHHas oneparust B Mathcad. B mamnoit 3amaue
MHTETpa] BBIYUCISIETCS] MHOTOKPATHO AL BCeX 3HaueHWH xx . Ecnmm ke mna 3ammcn
M3rudaroIIero MOMEHTa OT PaclpeACIeHHOM Harpy3Ku TaKkKe MCIOIb30BaTh HHTETPATIBHOE
BeIpKeHHe, 3anmcanHoe B Ilpumepe 11 (OnpegeneHve BHYTPEHHUX YCUNWA Mpu
n3rmbe KoHcomnbHOW 6anku), To BHIUKCIECHHE WHTErpala OT WHTErpaiga, Oyner
MPOJIOJKATHCS €I1€ B HECKOJIBKO Pa3 MEIUICHHEE.
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[Mpumep 20. PacyeT Ha n3rnd Ganku Ha aByx
ornopax.

(Mporpamma 20-izgib2.mcd)

B sToM nprMepe onpenensoTes HallpsHKeHUs! U IepeMeleHusl B 0ajKke Ha IBYyX OIOpax.
HcxonHble faHHbBIE K pacyueTy U ONpeesieHHe BHYTPEHHUX YCHIMH NP U3rn0e NPUBEICHBI
B mpumepe 12 (BHyTpeHHue ycunus npu narnbe 6ankm Ha AByx onopax). baska ¢
Harpy3KaMH U dIIOpbI BHYTPEHHHUX YCHIIUI B Hel mokasaHsl Ha puc. 20.1.

FeansHos pacnonoseHls Harpyaok Ha Sanks

i M,

_I.. oh TF| F‘_ Fs

s
+— —
20

Q(R4.Rp.%) 10

¥H
i - :
Mz(Ra . Rp.x 0

rEHm
0} il

Puc. 20I1.1. banka Ha AByX onopax U BHyTPEHHHUE yCHIIUS B HEH

B orinume oT nmporpaMMbl pacueTa KOHCOJIbHOW OalKy B BRIPQKEHHAX JJISI BHYTPEHHHUX
ycuini B OajIKe Ha JIByX OIIOpax PeaklUH OIOp SBJISIOTCS HEM3BECTHBIMHU H, TI03TOMY
BKJIFOUCHBI B TTapaMeTpbl PyHKIUH. DTH peakuy ONpPeIeNsIOTCS C TOMOLIBIO
BhIUKCIUTENBHOTO O6510Ka Given-Find u3 ycoBuii paBeHCTBA HYITIO H3THOAIOIIETO
MOMEHTA U TOIEPEYHON CHJIBI Ha Kpato Oanku (mpu x = L ). Onpeznenenue BHYTPEHHUX
YCHIIMH 1 OMTOPHBIX PEaKIUi s OANKH Ha IBYX OIOpax OIMUCAHKI B ipuMepe 12 u
nokasansl Ha puc. 12I1.1 — 1211.4.

OrmpezeneHne MaKCUMaJIbHOTO H3THOAI0IIero MOMEHTA, ONpe/ieIeHHe HANPSHKSHHUH B
CEYCHMSX OAJTKH BBITIONHSIOTCS TOYHO TakK ke, Kak ¥ B mpumepe 19 (pacyet Ha u3rud
KOHCOJIbHOM Oanku) Ha puc. 1911.2 — 1911.4.

[epemenieHus Oanky Ha ABYX ONOpaxX MOXKHO HAWTH TEMH K€ TPeMs CIIOCOOaMu, 9To U
nepeMelIeH s KOHCOJIBHON OaJIku, HO €CTh OCOOEHHOCTH.

MeToa HenocpeACTBEHHOro NHTErPUPOBAHUSA YPaBHEHUS YMPYTron NIMHUN He MOXKET
OBITH UCIIOJIB30BAH MPU ONPEENICHNH NTEPEMELICHUI OaIKH C TBYMSI KOHCOJISIMH — & 3TO
Kak pa3 Hau ciryyaid (puc. 20I1.1). Kak yxe 0buto ckazano, ¢pynkuus Odesolve TpeOyer,
4T0OBI XOTs OBl OJIHO IPAHUYHOE YCJIOBHE OBUIO 33J]aHO B Ha4ajle y4acTKa
uHTErpupoBanus. /s Ganku ¢ AByMsl KOHCOJISIMH 3TO YCIIOBUE HE BBINOJIHSAETCS, TIO3TOMY
OTIPEJIETIUTH TTEPEMEICHNUS TaKol OAIKN METOZOM HETOCPEICTBEHHOTO HHTETPUPOBAHNUS
YpaBHEHUS! YIIPYTOH JIMHUN MOKHO JIUISI BCEX YUACTKOB OalIKM, KpOME OJTHOM U3 KOHCOJICH.
MeToa HavanbHbIX NapameTpoB paboTtaeT oTIMYHO. OCOOCHHOCThIO pacyeTa SBISCTCS
HEO0OXOANMOCTb JAOTIOJIHUTEIIFHOTO BKIIIOUEHHS B ypaBHeHHe KpbuioBa ciaraeMsix,
YUUTBHIBAIOUIMX BIMsHHE ONOPHBIX peakuuii (puc. 20I1.2). HavyanbHble mapaMeTpsl 4, U

0, ompexnenArOTCS N3 TPAHMYHBIX YCIOBUH (PaBEHCTBO HYJIIO Mpornba Oanku Ha odenx

OI0pax) MyTeM PELICHHS CHCTEMbI YPAaBHEHHI C IOMOIIIBIO BHIYMCIMTEIFHOTO GII0Ka
Given — Find. Pesynbrathl pacyera npuBeaeHs! Ha puc. 2011.5.
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upg = 0o Bp=10 Givent EJu[_LpLA,un,GD_] =£0 EJu[LRB,uD,GUJ =H0
i :
[e J =Fnd(up,0g)  w= 00w Elul x,u0,8p) o E78(x,u1,8p)
0 == S
By = —0.022rpag Elg Elz

Puc. 20I1.2. OnpenencHue nepeMeLicHUI METOA0M Ha4yaJIbHBIX TapaMETPOB

no M Mde
s Beraucnenus ViHTerpana Mopa A = Z '[ FlE—Z HaJ0 MPEIBAPUTCIIBHO 3alInCaTh

i=1 L
BBIPQKCHUS U3TMOAIONIMX MOMEHTOB JJIsl TPY30BOH M €IMHUYHON cucTeM. ['py3oBast
cUCTEeMa M U3rubaroIyue MOMCHTHI B Hell moka3aHsl Ha puc. 1211.2 — 1211.4. Enuangnbie
CHCTEMBI JUISl OIpeIeJICHNs POrnda Oanky U ISl OTpeIeNICHNs YIiIa IOBOPOTa CeUeHU I
npuBenensl Ha puc. 20I1.3. Onpenenenne MoMeHTOB B HUX Ha puc. 20I1.4. Peakiun omop
ompeieNieHbI ¢ oMolIplo GyHkiuK Find u3 ycnosuii paBeHcTBa HYITIO B KOHLIE OajKu (pU
X = L) usrubaromero momenTa u nonepeunoii cuiibl. Ha 3tom ke puc. 20I1.4 BHu3y
3alucaHbl BEIpaXeHUs A uHTerpana Mopa. Pe3ynbraTsl pacueTra npuBeJEHBI Ha PUC.
20I1.5. Touku Ha rpaduke — pe3yJbTaThl pacueTa ¢ MOMOILIbI0 HHTerpaia Mopa,
CIUIOILIHBIE JINHUM — PacdyeT METOJI0M HauanbHbIX napaMmerpoB. Ha puc. 20I1.2 npuBeaeHsl
rpaduky H3MEHEHUs MPoTnda  yriia MoBOpOTa CEUYEHHS BIOJIb OCH OaNKH.

R, FF R
A T B
— 0
d R
= —* i
F 3 R“ o lqs
A b
‘r—R,-’n —
n Lg
HH
. i
. Ei
X
L
M Ly

Enuuuunad cuna npunoXeHa B IpoRsEONREOM CETEHEE XX. Torga,
3ANABAACE QHANAZOHOM SHAYEHHH XX, MOXHO OOpPelelHTE IEPEMENIEHHA 00
sceff EnHHe BANKH H DOCTRPOHTE [padHKH DepeMeeHHE.

Puc.20I1.3. EnpHUYHBIC CHCTEMBI IS OAJIKU Ha JIBYX OMOpax
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MOMEHT OT £QHHHYHOA CHNEl ANA onpedensHUA I'IDOI—I-’IGE BankmM

Ml[_RA,RB,XX,X) = RA-(X— LR_AHX = LFLA) + RB-[_X— LRBi]-I:_x = LRB) + 1-(z—mm) (x> )
onpefenaHia onNopHeNX peaKUMi

Eal =1 Rkl =1 HaaneHEle I'IDMGJ'IWKGHMH

(Given M1(Eal,Bbl =, Li =10 1+Eal+Ebl =0

Rab(sx) = Find(Ral Bb1) Ral(x) = Rab(x);  Rbl(x) = Rab(x)s

MOMEHT OT £QHHHYHOA CHNEl ANA OnpedensHUA yIna NogopoTa Branku
M2LRA,RB,XX,X) = RA-(X— LR_AHX = LFLA) + RB-[_X— LRBi]-I:_x = LRB) + 1.(x = =)
onpefensHla onNopHeNX peaKUMi

HaaneHEle I'IDMGJ'IWKGHMH

Ra2 = l Eb2 = l
L L

Civen MZ2(Ra2 ,Rb2 xx, L) =0 RFaz+Rb2 =10

Rab2(s) = Find(Ra2 Rb2) Ra2(x) = Rab2(:x);  Rb2(x) = Rab2(:)7

L. .
Mporuf Ganku Mz(Ra,RB,x)-M1(Ral(xx) , Rb1(xx) ,xx,%) S

— Alm) =
4(Lpa) = Onm " Elg
&[_LRB::I = 0 pam
IL; ) ;
Yran NOBoPOTA CeYeHnd Mz Ra,Rp,x) M2(Ra2 (), Rb2(xx) , 2¢, %)
O () ‘= dx

®(LRa) = 0018 deg - EJg

Puc. 20I1.4 Onpenenenue nepeMerieHnii 6aaKky Ha IBYX OIIOpax ¢ HOMOIIBIO HHTerpana Mopa

L L
wi=0,—::L =00
10 10
Ilepemermenna opu usrube
0.z T T
Lpa Lrp
wEd s : |
MM
Alzs) 01
lad
ooao
— 8z 0.05
rpagm
@ () 1
pag
a8

-0.05

Puc. 20I1.5. Pe3ynbraThl pacyera nepeMenieH i Ipyu u3ruoe 6aiku Ha JByX Onopax

PesynbraTsl pacdera nepeMenieHuit 6anku B Mathcad MeTo1oM HadaNbHBIX TAPAMETPOB H
C IoOMOIIbI0 HHTErpaia Mopa abCoIIOTHO COBITA/AIOT.
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[Mpumep 21. PacyeT 6anok Ha ynpyrom
OCHOBaHUM.

(Mporpamma 21-izgib3.mcd)

JuddepenunansHoe ypaBHeHHE YIPYrod JIMHUU OaJIKU HA YIIPYTOM OCHOBaHHHU

kb q

u'V + E—u = —— MoxerT ObITh peuieHo B Mathcad ¢ nomosto Gpyunkunu Odesolve.

-]Z E]Z
JlocTaTo4yHO BBECTH BBIpKEHHUS UL KOI(PGHUIMEHTOB 3TOTO YPaBHEHUSI.
Paccmorpum npumeps! pemenus 3agauu B Mathcad.
Ha puc. 2111.1 npuBeneHs! HCXoaHBIE NaHHBIE Ju1d pacyeTa. Monyns FOnra mis cransHON
Ganku, mupuHa D u BeicoTa N mpsMoyrossHOro monepevHoro ceyenus, amuHa 6anku L,
Koadpuuuent nocrenu ynpyroro ocnosanus KK . Cmpicn Benmmunn a u Ly Gyner

IMOsICHCH aalicec.

PacyeT Begerca Ge3 yieTa paIMepHOCTel, TAK KaK yHKIpia
Odesolve He paGoTaeT ¢ pa3MepPHBIMI EeIHTHAMNI

MexoaHble paHHbIe
1 =
E=210" bv=020 h=002Z L:=2 a=01 1LfF:=0295 J:=E

kk = 5-10? KO3 AMLMEHT YNRYrarad OCHOBaHKA

Puc. 2111.1. McxonHble aHHBIE IS pacdeTa O0ajloKk Ha yIPYroM OCHOBAaHHHU.

Oynkus odesolve He MoxeT paboTaTh ¢ pa3MEPHBIMH BETMYHHAMHE, TI09TOMY PacyeThl
BeayTes 0e3 ydera pasmepHocTeil. Bee nexonupie qanHbie BBeeHs! B cucteme CU, To ecTh
B HBIOTOHAX M B METpax.

JduddepenunansHoe ypaBHeHNE YIPYTOH IMHUK OaJIKi Ha YIPYTOM OCHOBAaHHH COIEPKUT
B IIPaBOI YaCTH TOJBKO BBIPAKCHUE JUIS PACIIPEACTICHHON HArpy3KH U HET BBIPAXKECHUHN JUIs
COCPEIOTOUCHHBIX CHJI ¥ Tap cwil. UTOOBI y4eCTh BIMSHHE COCPEIOTOYEHHBIX CHI,
3aMEHHUM UX pacIlpeesIeHHON Harpy3Koii, AeHCTBYIOIIEH Ha MaloM y4acTKe AIMHOH a .
Dta onepaius BoinonHena Ha puc. 2111.2, rae 3a1ana BHemdss cuna F , npunosxkennas
rocepeuHe OaNKy U ONpezie]IeHa HHTEHCUBHOCTh PAaCIpeiesieHHON Harpy3ku (Q ,

3aMeHsIomell 5Ty cuiry. TaM ke BBEIECHO PACCTOSHHE OT JIEBOTO Kpasi OalKH [0 Hadaja
pacrpeneneHHoN Harpy3ku L .

C MOMOIIIBIO YCIOBHBIX OIIEPATOPOB 3alKCaHa eUHAs IJIs BCCH 0Ky (PyHKITUSL
M3MEHEHHs] MHTEHCMBHOCTH pacipeaeiednoi Harpysku ((X) . ITo Bce mivHe Gaaku, KpoMe

yuacTKa, IJie MpUIoKeHa CHila, paclpe/iesieHHas Harpy3Ka JOJDKHa ObITh paBHA HYIIIO.
OpHaKO MPHUIIUIOCH 33/1aTh HUYTOKHO MAIyI0 Paclpe/ielIeHHY0 Harpy3Ky, Tak Kak HHaue
¢byukuust odesolve BoigaeT OmuoKy.

[TpuxoauTcst y4uTHIBaTh, 4TO pelieHre AupGepeHaIbHOr0 YpaBHEHUS 4-T0 TOpsaAKa
Ype3BbIUANHO CII0KHO Aaxke Juisi Mathcad.. [{J1s1 4MCIIeHHOTO pelleHHs Hallero ypaBHEeHUsI
MPUXOUTCS 3a1aBaTh 0oJbIoe yucio 1maros (1000 win gaxe 10000).Eciu moctaBuTh
YHUCIIo MIaroB, paBHeIM 100, pemenue nmponanaet. Jlaxe npu OOIBIIOM YHCIIE IIaroB B
OTIeNbHBIX Toukax Mathcad He MokeT HaliTH penieHne. B 3Tux cirydasx OTCyTCTBYIOT
TOYKH Ha rpaukax.

[anee 3anucan 010K perenus nuddepeHuanbHoro ypasHenus given — odesolve,
BHYTpPHU KOTOPOTO 3anucano guddepeHnnansHoe ypaBHEHHE YeTBEPTOro HOPAAKA U K HEMY
YeThIpe TPAHNUYHBIX YCIOBHSA. BBUIY 3aMEHBI COCPEJOTOUEHHBIX HATPY30K
pacrpeeneHHbIMU TTOTIEPEYHAs CHIIa M U3THOAIOIINI MOMEHT, TO €CTh BTOpAst U TPEThsI
MIPOM3BOJIHBIC OT POruba, Ha KOHIax OaJK{ paBHBI HYJIIO.

KommuectBo Harpy3ok, ZeHCTBYIOMINX HA OaIKy MOKeT OBITh M00BIM. Ha pucynke 2111.3
MIPUBEJICH pacdeT OAJIKH Ha CIUIOLIHOM YIIPYTOM OCHOBAaHHUH, HarPYKEHHOM 3-MS CHIIaMH.
Kaxxnas cuia 3aMeHeHa pacipeleIeHHON Harpy3Koil, JeMCTBYIOIEH Ha MaJlOM y4acTKe
JUIMHOH a .

C NOMOIIBIO YCIOBHBIX OIIEPaTOPOB 3amucana eauHas GyHkips ((X) u3MeHeHHs

MHTCHCHBHOCTH PacIpeAesICHHON HArpy3KH 1o minHe oanku. Jlanee 3amucad 610K
peuienus quddepeHnnansHoro ypasuenus given — odesolve raxke, kak Ha puc. 2111.2, u
[PHUBEICHBI PE3YIIbTAThl PACUCTa.



F = 4000 gq = F- b— qq = —200000
=

71 Qi@ = |lag f Lr=x=Lr+a
« - > 100 otherwise
: i q(X) n o n B 1 e n L
Given u(x)+—-() u'i =0 v =0 w2 =0 uwi2)y=0
neperelleHe MSI’HSEFOLLLHI-U’I MOMEHT nonepevHan chuna
o &
u = Odeselve(x,2,1000) M{x) =EJ——ulx) Q@ =EJ—u(x x=0,002.1L
2 3
dx dx
0.02

u{x)

M (=) 107

iR

Qi) -107

¥

=g 0z 0.4 06 0.3

H
L

Puc. 2111.2. ITporu6 #(x) , usrubaroumii moment M (x) u nonepeunas cuna Q(x) nis 6anku ¢

OIHOM CUIIOH TMOCEPEANHE Ha CIJIOIIHOM YIIPYIOM OCHOBaHUHN

—2000 0
1
F = | —4000 g = P-b— Lrp =053
a
—2000 1.9
= i < <
q=) = lag £ LF1 ERE LF1 +a . e b ol
Given " + ——ulm = —
qoz if LF2 = ol LF2 +a EJ EJ

W = 0w =0 W =0 w2 =0

qgz f Lp. =x=LfF +a
3 3 u = Odesolveix, 2, 10000)

[ otherwise
2 4

Mg = E-I-d—zu(x) Q) = E-I-d—3u(x)
v =

0.0z
v®) 0.01
M(x) 107 ° ‘ £,
~ || 5 TH,
Q@ 10°° il ‘|| il
@ ] q“ ” [THH """""'“"'—_l“l“““”“”"'"::',.. |"||||||||||||||||||| |||.
-;;I-'
0L _ 0.6

X
L

Puc. 2111.3. Pacuet 6anku ¢ TpeMst CHJIaMH Ha CIIJIOLTHOM YIPYTOM OCHOBAaHHU

Yrpyroe ocHOBaHHE MOKET OBITh CILIOIIHBIM (OT Hadasa 10 KOHLA OaJIku), a MOXKET OBITh
NPEPHIBUCTHIM B BHJIE HECKOJIBKUX YYaCTKOB ONMPaHUs OalIKi Ha OCHOBAHHUE.
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Ha pucynke 2111.4 npuBesneH pacyer OaJiku Ha YIPYTroM OCHOBaHHMH C TPEMsI CUIIAMH U
JBYMSI y9aCTKaMH yIpyroro ocHoBaHus. [1ojo)xeHne 3THX y4acTKOB M MX JUIMHA MOXKET

OBITH JIFO0OM.

B Hamem MIpUMEPE BEKTOP I_r 3a4acT IMOJIOKCHNE HavYaJla U KOHIIA KAXKXJA0TI0 Y4aCTKa

yrpyroro ocHoBauus. Tak nepBoe ocHoBanue o X =0,2 m g0 X =0,4 m. BTOpOE

ocHoBanue oT 1,6 M 10 1,8 M.
Kosduuument nocrenu kk npuHAT 0QMHAKOBBIM LIS 000MX YYACTKOB M 3aIIMCAH B BUE
e/IMHOM (PYHKIIMK C OMOIIBIO YCIOBHBIX ONEPaTOpOB. Pe3ynbTaThl pacuera NpUBEACHbI Ha

puc. 2111.4.
o F= s 0.2
—2000 0
1 0.4
L,.R\ o F:=| 4000 gy = F-El Lg:=| 0.95 Ly = e
L 4 5
L —2000 1.9
«» Lo g i 18
" L T ql= = |y if Lp S x5 Ly +a
W) = |k if Ly Sxs Ly ap i Lr, <x< L +a
i i <y
kk if L, £x< L, qq3 if Ip, £ x<Lf +a
0 otherwize 0 otherwize

Grven u""'(x) + @ ‘u
E.J

qix)
o

WD) m0 w(0)m0 (Dm0 u(m0

2 3

u = Odesolve(x, 2, 1000) Mix) = E-J-d—u(x) Q=) = E-J-d—u(x) x:=0,002_L
e e

0.05
wz)
M(=)-107°
A

—-f
Q(x)-10
@

g 0.2 0.4 06 03

b
T
Puc. 2111.4. Pacuet Ganku ¢ TpeMsl CHJIaMH U ByMsl y4aCTKaMH YIPYTOro OCHOBaHHs

[TpuBeneHHbIe IPpUMeEPHI TIOKa3bIBAIOT, 4TO Mathcad B cocTosiHMM OnpeiesuTh NPOrHObI
0aJyKK ¥ yCWIHs B HEl OYTH JyIsl J1I000# POU3BOJILHO B3SITOM OAIKK Ha yIIpyroM
ocHoBaHMU. [IpaBa B HEKOTOPBIX CITy4asx JOOUTHCS HMOIyYSHHUS IPABMIBHBIX PE3yJIbTaTOB
pacueTa HempocTo.

HrepanmoHHble METO/IbI pEIICHNs! YPaBHEHUH OUYeHb 4yBCTBUTENIBHBI K BEIOOPY HaYaIbHBIX
NPUOJIMKESHUI, B HAILIEM ClTyyae K BbIOOPY I'PaHUYHBIX yCiIoBHNA. O0sI3aTeNIbHBIM yCIOBUEM
SIBIIICTCS 33JJaHKEe OOJIBIIIOrO YKCIIa AroB (4eM 0oJIbllie, TEM TOUHee pacyer). TeM He
MeHee B psiJie UTepalluii UMeeT MECTO JeIeHHe Ha MAIlMHHBIN HyJIb. YTOOBI yMEHBLINTH
YHCIIO TaKUX COOEB, MHOT/IA TOJIE3HO HYJIU B UCXOJIHBIX JTAHHBIX 3aMEHUTH MaJIBIMU
BEIMYMHAMH, KaK B pyHkimn ((X) Ha puc. 21T1.2.

[Ipocrora pacyera Ganok Ha yrpyroMm ocHoBanuu B Mathcad nopaxaer. JlJoctarouno
CPaBHUTH NPUBEJCHHBIE PACUETHI C TEM, UTO UMEETCS B JINTEPATYpE IO JAHHOMY BOIPOCY.
PexoMenryemblii B KHUTax Juis T0100HBIX pacueToOB METOJ HaYaJIbHBIX ITapaMETPOB
HEeoObIYaiHO CIIOXKEH M MO3BOJISIET PEIIUTD JIMIIb OIPAHUYCHHBIN KpPYT 3a/1ad.
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[Mpumep 22. Y4eT nnactuyecknx
aeopmauni Nnpmn pacTsKeHUU-CXXaTuun.

(Mporpamma 22-plast1.mcd)

B crarmueckn HeompenenMMBIX 3agadax I0J JAEHCTBHEM IUIaCTHYECKHX JedopMaruii
MPOMCXOJUT TIepepaclpesicliecHue HanpsHKeHUH, YTO BeAeT K H3MEHEHHIO YCIOBHU
pPaBHOBECHSI CUCTEMBI.

[TockoabpKy MIMEHHO HalpsDKEHHE 3aBUCHT OT JeopMaliuu, a He Hao00poT, IpU pacyeTax B
YIPYToIIacTHYECKOi 00JIacTH 1esiecoo0pa3Ho 3a1aBaThCsl HE Harpys3Kkow, a nedopmanueit
WIN CBA3aHHBIM C Hed nepememienueM. Kak Oyner BHAHO H3 pacyuera, C POCTOM
MUTACTHYCCKOW JeopMaIii Harpy3Ka MOXKET BO3pPAcTarh JIMIIb B OYCHb OTPAHUYCHHBIX
npezaenax. 3aJaBasCh HAarpy3KOM, MOXKHO IPOCTO HE IOJYYHTh HHMKAaKOrO0 OTBETa B
pacuerax.

[TockonbKy pe3ynpTaT pacueTa 3aBUCHT OT BHJA aNlPOKCUMALMHM  JHarpamMMbl
nedopmupoBaHMs MaTepHana, yKaXeM BHadale OCHOBHBIE BHIBI TaKOH ampoKCHMAIHH.
3T0 NOHAOONTCS IPU PacCMOTPEHUH ITpuMepoB 22, 23, 24, 55.

Buabl annpokcumaumm agnarpaMmmMbl AedopMUpPOBaHUS Matepuana

IIpwu pacuerax B 001aCTH yNpyromIacTHIECKUX Ae(hOpMaIMi CBSI3b MEXKIY HaNPSDKCHUSIMA
n pedopManMsiIMH  OIMCHIBA€TCS HE 3aKkoHOM ['yka, a ypaBHEHHEM JHarpaMMbI
nedopmupoBanus. s MOTy4YeHHUS TAKOTO YPABHEHMS HMCIONB3YIOTCS CIEAYIOIINE BHUJIBI
annpoKCHMAIUU TUarpaMMBbl 1e(hOpMHUPOBaHUSI.

O [wmarpamma 1eOpPMHpPOBAaHHS  HACAIBHOTO  JKECTKOIUIACTHYECKOTO  TEJa,
IPeJICTaBIIONIYI0 COO0M OIHY FTOPU30HTANIBHYIO JIMHUIO O = O, (puc. 22I1.1, a).

Ilpu o <o, nedopmaums €=0, To ecTh Marepuan CYMTACTCS aOCOMFOTHO HKECTKHM
(uenedopmupyembiM). Ilpu o = o, pedopmausa & —> o0 .

O /[luarpamMma uAeanbHOTO YHpPyrormactudeckoro tena (muarpamma Ilpanaris)
(puc. 22I1.1) ¢ 6eckoHEYHO AITMHHON TUTOMAIKON TeKydecTH (puc. 2211.1, 6).

Ipu €< ¢, oc=E-¢,
IIpn €2 &, o=0

T

O /[umarpaMma ynpyromiacTHYECKOro Tejla ¢ JMHEHHbIM yrpouHeHueM (puc. 22I1.1,

B).
Ipu €< &, oc=E-¢,
[pu €2 &, oc=0,+E - (¢6-¢,),

I'me E; — monysns ynpousenus;

O /[lmarpaMMma yHOpyromiacTHYeCKOro Tela CO  CTENEHHBIM  YIPOYHEHUEM
(puc. 22I1.1, 1).

Ilpu <&, c=E-¢,
Ipn &> ¢, c=0,+A¢g",

Cne A u M — sMoupuueckue Ko3QUIUEHTEI.

Bce 4 Buzma anmpokcuManuy JIUarpaMMbl 1e()OpMUpPOBAaHUS MarTepuaia IOKa3aHbl Ha
puc. 22I1.1.
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Puc. 2211.1. Buzapl annpoKCUMaIyy JHarpaMMsbl 1e(OpMHUPOBAHHS

PaccmoTpum mpumep onpenesieHHs Harpy3ku, COOTBETCTBYIOIIEH 3amaHHON Aedopmarun
CTaTHYECKH HEONPE/IeIIMMOIl CTep)KHEBOH CHUCTEMBI, M300pakeHHOH Ha puc. 22[1.2. B
YIPYroil TOCTAaHOBKE HANPSDKEHWS B CTEPXKHAX M TEPEMENICHUS] 3TOH CHCTEMBI
ompeneneHsl B mpumepe 15. B HMCXOAHBIX MAaHHBIX, NpPUBEAEHHBIX Ha puc. 22[1.3,
OTCYTCTBYET BEJIMYMHA CHJIBbI F , 3aTO MPUCYTCTBYET KOOpAWHATA TOYKU €€ MPUIIOKEHHUS

Le.
LLLLLL L L L

L. T 2 4
: F
| 2
.'q ™ o B
L,
L,
™ = ™
- L-: -
L,
o -
L.
Puc. 8.2. Cxema IIapHUPHO-CTEPKHEBOHN CUCTEMBbL
6 I
rpag = deg wmo= 0001m cwm=001m xH = 1000 Ifla:= 10 5
WMcxogHble paHHbIe i
18, = 2-105-1'.{1Ha TOp = 334 Mlla Gppp = 1001l
F=0xH Lp:=100-cm 30
20 30 2 30 1
= 40 o S0 @ 3 2 L 30 | 1
= oM o= Tpag = CM = | = T |-em =
50 45 3 T 7| sin(d3) 1
a0 &0 2 30 1
sin ¢4
Puc. 2211.3. UcxoaHble 1aHHBIE K pacyeTy LIAPHUPHO-CTEPIKHEBONH CUCTEMBbI
O603HauMM O — NEPEMELIECHUE TOUKM IIPUIIOKEHUS CHIBL. 3a1aBasch BEIMYUHOM O ,

HaiiieM, COOTBEeTCTByMOIIMEe ei agedhopMaruu CTep)KHEH H BO3HHUKAOIIME B HUX
HampsDKeHUs. 3Has HaNpsOKeHHS, W3 YypaBHEHWH pPABHOBECHS CHCTEMBl HalaeMm
BBI3BIBAIOLLYIO UX cuity F (puc. 2211.4).
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JUtst 33/IlaHHOTO TIEpEMENIEHUsT O TOYKH TPUIOKEHHS CHIbl F , HaxomuMm W3 momobus
TpeyroabHUKoB (puc. 1511.4) nepememmennst A(J0) TOYEK KPEIUIEHHS CTEPKHEN K KECTKON

OaJike (IIapHUPOB).

ITo MeToxmy 3aceuek W3 TPEYroJbHHKOB MEPEMELICHHs INAPHUPOB HAXOIUM YIJIHHCHHS
crepxkueit AL(O) .

3Has yIUTMHEHHs, OnpeesieM nedopMalrIo Kaxaoro crepxus £(0).

Haiins nedopmanum, onpenessem Hanpsokenust o(0) B CTEPKHAX.

Pacuernsie ¢popmysl npuBeneHs! Ha puc. 2211.4.

& - NepeMellieHe TOYKK

MPMNCHEHMA b &= 0cm, 050w, 10 cm

L
Or
o L2 DT
als) = 5
r,) AL(6) = (a(8)sinl¢)  cls) = S
(B8
o(8,kk,i) = |(Ee(8)) &£ elB)i<e; yMpyTan gedopMaLma
otherwise .
warpamma Mpanamsa
o if k=1 SR Pand
[(394 + 2633-(5);) MITa] if &k = 2 NUHERHOE YNPOYHEHHE
[368+ 1540.(5[Qal]ijn'?ﬂ].ma £ k=3  CTENEHHOE YIPOYHEHHe
i SR 4y NPononeHBlE YCHNKA B
N8, kk,i) = (o8, kk,i).4) e
rowrs (A) o
Z ki D03 ki) Li-sin( ¢)
: : e - NpelensHad
Flo k)= —— Harpyska

Lr

Puc. 2211.4. Onpenenenue Harpy3ku Ha MIAPHUPHO-CTEPIKHEBYIO CHCTEMY, BEI3BIBAIOIICH 3aJaHHOE

TNepeMenIcHue 6 TOYKHU IMPUIIOKEHUS CHUIIBL F

Cesi3p  MeXIy HampspkeHHeM u  AedopMarnueid 3aBUCHT OT MPHHATOW  (OPMEI
annpoKCUMaIuu auarpamMmsl aedopmupoBanus. Ha pucynke 22[1.4 Bwipaxenue uist
HaNpspKeHUI € TTOMOIIBI0 YCIIOBHBIX OIEPAaTOPOB 3aMHCaHO cpasy s Tpex ¢Gopm
anmpokcumanud. B mapamerpsl (yHkuuu Hanpsokenmit o(0,KK,i) Beemen ykazarens

BBIOpanHOil anmpokcumanmn KK v HoMep crepHs |, Ui KOTOpOro ompeaensercs
HampspkeHue.  [lonydyeHHe — ammpPOKCUMHUPYIOIIETO  BBIPQXKEHUS  JUIA  JIHATPAMMBI
nedopMupoBaHus C TOMOIIBIO (DYHKIMH perpeccuu rnokasano B npumepe 43 (puc. 4311.6).
[To HanpsKeHUsM ObLIM HaHAeHBI NPoaoNbHBIE younus B ctepxknax N(J,kK,i) .

U3 ypaBHEHMs paBHOBECHs HIAPHMPHO-CTEPKHEBOM cucTeMbl Haiinena cuma F(0,KK),

BBI3BIBAIOLIAs [IEPEMEILEHHE O .
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Puc. 2211.5. 3aBUCUMOCTB HArpy3ku F OT 331laHHOTO NEpEMEILEHHS. O TOYKM NPUIIOKEHUS CUIIbI

PesympraTel pacuera mpuBeneHsl Ha puc. 22I1.5. Ilpm BBIOOpe muarpammer [IpasmaTis
(6ecKOHEYHO [IMHHOW IUIOMIAJKH TEKYYeCTH) HArpyska F , JOCTHTHYB NpemenbHOro
3HAUEHUS, OCTAETCS MOCTOSHHOM MpPH pocTe mepemenienus O . Hecymas crnocoGHOCTE
crcTeMbl ncuepnana. [IponcxoauT nepeMeneHre Mpy MOCTOSIHHON Harpyske.

Ilpy JNMHENHOM WM CTENEHHOM YIPOYHEHWH MaTepuanga Harpyska F  Bospacraer c
POCTOM TepeMeIeHus O .
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[Mpumep 23. Y4eT ynpyronnactnyeckmx
aeopmaunmn npm nsrmobe.

(Mporpamma 23-plast2.mcd)

Pacnipenenenne nedopManuii npH  yIpyroriacTHYeCKOM H3rHOE Takoe e, Kak HpH
yrpyrom usrube. PacripeneneHne HanpspkeHUH B CEYCHUH OallKM 3aBUCHT OT BBEIOPaHHOTO
croco0a anmpoKCUMAalWy Juarpammbl 1eopMHUpoOBaHUS. XapakTep paclpeneineHus
nedopmanuit  HanpsHKEHUH PH yIPYToIIacTHYeCKOM U3ruoe nokaszan Ha puc. 2311.2.
PaccMoTpuM 4MCIIEHHBIH NpHUMeEp ONpeAeNeHUs] HANPSDKEHWH NPH yIPyromIacTHYeCKOM
n3rube Oanku. VicxomHbIe JaHHBIE U1 pacdera npuBeaeHs! Ha puc. 2311.1 Cxema Ganku He
HUMCCT 3HAUCHUA, TaK KaK pacClpeCaACICHUA HaHpﬂ)KeHI/Iﬁ B CCUCHHU 6aJ'IKI/I HC 3aBHCHUT OT
CXCMBbI HarpyKeHus, a 3aBUCHUT TOJIbKO OT BCIINYUHbBI I/ISFI/I68.IOH16FO MOMCHTA U MaTe€purajia
Ganku.

Mm=m wMm=0001m cm:=001m MIIa = 10"
H = 1000 wHu = 1xH ™

6 Il
2
1
McxopgHele gaHHbIe
MaTepwan - cTane30

E =210 Mla o, =400.Ma o, = 600MIa &, = 0.1

&7 B0y = (0
G = WS o
E Bp= By

Fazmepkl NPAMOYTONEHOM ceYeHHA b= 10.mm  h = 40.um

Puc. 2311.1 Vcxoauple qaHHBIC JUTA pacueTa HAMPSDKEHUH MPH yIIPYTOIIACTHYECKOM H3rHOe Oaku

XapakTepuCTUKM [POYHOCTH MaTepuana B3iThl M3 ClpaBo4yHHKa. Jledopmaiuei,
COOTBETCTBYIOLIEH Ipeneiny npounoct &, = 0,1 3amaemcs "Ha riasox”.

O6parute BHHUMAHHE, YTO MOAYJb ymnpouHeHuss K1, paBHBIM TaHreHCY yriia HakIOHa
JVHEHHOW aIrmpoKcuManuu auarpammsl nedopmupoBanus, B 100 pa3 MeHbIIe MOy
IOnra E . To ects 0JHO M TO X HpHpalicHue AehOpMalU MPU YIPYroMIaCTUHIECKOH
nedopmanuy BeI3bIBaeT Npupaiienue HarnpsbkeHuit B 100 pa3 MeHbliee, 4eM Npu yrnpyrou
nedopmanuu. B 3Tom npuunHa TOro, 4T OO0JIBIIAs OIIKMOKA B alMPOKCUMAIINN JHArPaMMbI
BBI3BIBAET MAJICHBKYIO OIIMOKY B pacIpe/ielIeHNH HapsDKEHHUH.
PaccmaTtpuBaeM GajiKy MpSIMOYTOJNIBHOTO MOMEPEYHOr0 CEYeHHs ¢ pasmepamMu b u h.
Jnuaa Ganmky Ui pacdera HE MMEET 3HAUCHMS, TaK Kak OyJaeM HCKaThb He Harpy3KH Ha
0arnKy, a I3rUOAOIINI MOMEHT B CEYCHUH.
nnacrtmyeckasn
" 30Ha Ellliix
N
AN

NN e ©

ynpyraa
30Ha

N [
,k\ - | Or

b nnacTtu4ecknii
" LwapHUp

Puc. 2311.2. Pactipenenenue nedopmannii 1 HapspKeHUH MPU yIIPyToIIacTHYECKOM U3rube Oanku

3agaBasich MaKCHMaJIbHOM JedopManyeil B KpalHHX BOJIOKHAX OalikH, OIpeessieM
pacnpezeneHue edopMannii o BbICOTE CEUCHHMsSI Oaliku. 3aTreM, BBeJs allpOKCHMAIHIO
JiarpaMMel nedopmupoBanus, ornpenensieM pacrpeneneHue HanpsOKeHUH,
COOTBETCTBYIOIINX HAWJCHHBIM JiehopMaIisiM.

NMPUMEYAHUE

Kak Oyzer Bugno Ha puc. 23[1.5, B mpomecce muiacTudeckor aehopMauy N3ruOaronHi
MOMEHT M3MEHSICTCS] He3HAUNTEIbHO. 3a/1aBasiCh UM B HadaJle pacdyeTa, MOXKHO IIPOCTO He
MOJTyYUTh HUKAKOTO PEIICHUs, HE MOTIaB B TUANa30H U3MEHEHHS H3rH0aronero MOMeHTa.
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Bun anmpokcumupyromeit ¢yHkumum npuBeneH Ha puc. 23I1.3, pacmpenenenue
HaHpH)KeHI/lﬁ II0 BBICOTC CCUCHUS 6am<1/1 B 3aBHUCUMOCTH OT HpHHHTOﬂ armpoKCuMalun
JIuarpaMMel aeopMupoBaHus MoOKa3aHo Ha puc. 2311.4.

Sma.x I ST —_ &
W3 TMNOTESkI MNOCKWX CeYSHM Rz ¥ iy
: Er h : 3 ¥ h h
YT(.EmaxJ = = E(,Emax:Y_] = Emax'? R W
£ h 100 2
2
ol ez, 7.k) = |Eeleman,¥) £ &lEma,y) <€
L IEE s Sl A= b Bl (£ e ynpyras ,D,ed:)ODMBLI,MFI
otherwise
B fiz Je 2 ] Auarpamma [NpaHatna
390 MITa + E1 (e (eqax,7) — €7) i k=2 NMHEAHDE YIPOUHEHME
g 1103
BE0 AN =00 R T S SRR CTOTSHHOS YTIDOSHEHNE

Puc. 2311.3. Pacnpenenenue HaNpsHKCHAH 110 BEICOTE CEYCHUS OAlIKU

00

G(Em&xsy’lj "‘-T-::.:—::.-r’.

MIIa 400 ket
b .
ljt_sma}hyr 2]

MITa
Epax = 0.1

ofSmax. 7.3 200
MIla

0 5 10 15 20
¥

MM

Puc. 2311.4. HanpsbkeHnsT B TIONIEPEYHOM CEUCHHH OAJKH C YUETOM allpPOKCUMALUHU HATPaMMBI
nedopmupoBaHus

Wzrubaromuii MOMEHT B TIIONCPEYHOM CCUCHHM Ok OMNpEJesieM 0 YCIOBHIO
SKBUBAJICHTHOCTU HANPSKEHUH U BHYTpeHHUX ycwinit M = ja -y-dA.

A
3aBUCHMOCTh HM3rubaromero MomeHra M OT BeIMYMHBI MAKCHMMAIILHOH aedopMaryu

&,

‘max Y BUJIA alIMPOKCHMAIIMN JUarpaMMel 1eopMHUpoBaHus MoKa3aHa Ha puc. 2311.5.

C pocTOM &, BEIMYMHA ) YMEHBIIACTCS U IIPH &y, —> © Y — 0, Ho mpakTnyecku

ax
(1 Teopermdeckn) BOMM3W HEHTPANBHOW OCH BCEeTJa CYIIECTBYET ympyras 30Ha (IyCTh U

OYEHb MaJICHbKas).
W3rubatommii MOMEHT IIPH HCIIONB30BAaHUU JIMHEHHONW WM CTENCHHOW ammpoOKCHMAINN

JAuarpaMmbl Z[e(l)OpMI/IpOBaHI/ISI MCIUICHHO PAacTCT C POCTOM & .« - HpI/I HCIIOJIb30BaHUN

Juarpammsl [IpanaTis u3rubaronmii MOMEHT ¢ POCTOM INIACTHYECKUX AedopManuii pacteT
OYECHb MEIJICHHO, MMPAKTUYECKH OCTaBasCh MOCTOSHHBIM.

Takoe cocTosiHME, KOTrZJa H3rHOalomMii MOMEHT INPAKTUYECKH HE pacTeT, a 3HAuuT
gedopmanusi MPOMCXOMUT TPH TOCTOSIHHOM HAarpyske, Has3bIBA€TCA MIACMUYeCKUM
wapnupom. TIoHSITHE TUTACTUYECKUH IIAPHUP MMEET CMBICI TOJIBKO IPH HCIIOIb30BAHUU
nuarpaMmsl IIpasaris.

B Hamem mpuMepe MOXHO CUMTaTh, YTO IUIACTHYECKHH IIAPHUP yXKE CYLIECTBYET INPH
Emax =0,02 mwmn y, =2 Mm.

Ha Tom xe pucynke 23I1.5 crutomrHoi 4epHOH JNHMHHENW NMOKa3aHO HM3MEHEHHME TI'PaHHIIbI

30HBI IUTACTHIHOCTH V. OT €,y - 1IPH O gy =0y Yy =h/2.
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h

V3rHBakWHA MOMEHT _ _ e _
B ONACcHOM CeYeHtd Bantv e, .. k)= 2. G| E gz, 7.k ) vb dy

25

t' 4 CTeNeHHOe YNIPOMHeHWE
¥r _Emax] 2 f

ou '______—-ﬁ

— ﬁ " NUHeAHY e yNpoYHeH

Ml:Emaxs 1}

e L5

N auarpanma Mpana]
Ml:_sma.xszj i

kHum 1
Ml:.EmaJc:B_} vr

..____-___
. 1] 0.02 0.04 0.08 0.08

Smax

Puc. 2311.5. 3aBUCMMOCTb pa3Mepa yIpyroro sapa Ce4eHus ). ¥ M3rubaroliero MoMeHTa oT

nedopManum &, ¥ OT BHA AIPOKCUMALIMK MATPAMMBbI Ie()OPMUPOBAHHUS

Ecnu 3aman m3rubaroniiii MOMEHT W HaJ0 HAaHTH COOTBETCTBYIOIIEE €My paclpelielieHHe

HaNpsDKEHHH 10 cedeHnro Oankw, To Hajo 1o rpapuxy M — &,

HATU BEIUUYUHY &

max >

COOTBETCTBYIOLIYIO 33JaHHOMY 3HaueHwi0 M . 3aTeM moCTpouTh rpaduk O OT ) IpH

HAWJICHHOM 3HAYECHUH &y -

MoreHaRTS M1

Mpamana 3apgayva - 3afaHa Harpy3ka,
HaWTK pacnpeaeneHWe HanpsKeHWH

Hduarpamma gedoptMupoBaHla ko= 2

Epnax] = 0.006 HAYEANEHOE NpHENKEHKE

AaHo, M1 = 1.7xHu  Hait e,

RS . - YT[_Emaxl_] METKE HA

£ = root| M| & k) - M1 e £ = 0.029 =—_—

maxl \ ( maxl J maxl) max] rex = rpadhike
oo .

yiTEK

400 .

Ut_Emaxl,Ysz]

IITa
T 200

Puc. 2311.6. Onpenenenue pacrpeeiaeHus HaIpsDKEHUH B CeUeHUH Oallku IIPpU 3a1aHHOM

M3THOArOIIEM MOMEHTE

Oty *Ke 3aauy MOKHO PElIUTh C IoMoIsio ¢pyHKuu root (puc. 2311.6), npenBapuTensHO

3anucaB 3aBUCUMOCTH, NpUBeIeHHbIe Ha puc. 2311.3 u 2311.4.

B mnmacrtuueckn nmedopMUpOBaHHON Oajke NpH pasrpy3Ke BO3HHUKAIOT OCTaTOYHBIE

HanpspkeHns. OnpeienuM BeIHYHHY OCTaTOYHBIX HANPSDKECHHH.
IIpn onpeneneHMM OCTaTOYHBIX HANPSDKEHUH ClIeQyeT Y4ecTb, YTO npu

Haepyske
pacnpeoenerue HanpaXceHull ynpy2oniacmuieckoe, npu pasepy3Ke — uucmo ynpyeoe.

OcTaTouHble HANPSKEHUS OIMPEEAIOTCS KaK CyMMa Halps KeHUN Harpys3Kd U pasrpysKu.
OmnpeneneHne OCTaTOYHBIX HANPSDKEHUH IPH YIPYroIUIACTHYEeCKOM HM3THOe MOKa3aHOo Ha

puc. 23I1.7.
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Puc. 2311.7 Onpenenenne oCTaTOYHBIX HAMIPSHKEHUH MTPU YIIPYTOMIACTHYECKOM U3rH0e Oanku

Paboras ¢ mporpamMMmoil, IOMeHANTe 3HAYEHUE &, U OCMOTPUTE HA XapaKTep 3II0p U

BCJIMYMHY OCTATOYHBIX HaHpH)KCHHﬁ.



[Mpumep 24. Y4eT nnactnyeckmnx
nedopmaumn npu KpyvyeHuu.

(Mporpamma 24-plast3.mcd)

Pacripenenenue nedopmanuii npu ynpyroriaCTH4eCKOM KPYYEHHHM TaKoe K€, Kak IpH
yOpyroM KpydyeHuu. PacnpeneneHue HanpspKeHMH B CEUEHHM CTEPXKHS 3aBHCHUT OT
BBIOPAHHOTO CIIOCO0a amMpoOKCUMAIMK AnarpaMmel eopmuposanus. [logpoOHbIi aHanms3
HarpspKeHHO-/1e(OPMUPOBAHHOTO COCTOSIHUSI CTEP KHS IIPU KPyYEHUH TIPUBECH B TJaBe 8.
XapakTtep pacrpeneneHus aedopManMii M HANPSHKEHHH IIPpH  yNPYTOIIacTHYECKOM
Kpy4eHHHU NoKa3aH Ha puc. 2411.1.

B kauecTBe mpumepa UIsl pacueTa BbIOpaH CTepKeHb u3 ctanu 30 amamMerpoM 6 MM U
mmHOW 150 MM, TpUMEHsIeMbId TpH JTA0OPaTOPHBIX HCIBITAHUSAX Ha KPY4YCHHE, YTO
MO3BOJISICT CPaBHHUTH pacdeTHBIE IaHHBIE C pe3yJabTaTOM HCHbITaHuA. s pacuera
UCTIONIB30BaHbl PE3yJbTAThl HCIIBITAHUS 3TOW CTAaIM Ha pacTshKEeHHE (Tpelesl TeKydecTh

O , COIPOTUBJIEHUE Pa3pPBIBY O'p u Ile(bopMam/m B IIEHKe Ipu paspbIBC Ep . I/ICXO,HHLIC

JAaHHEIC JUTS pacdeTa MpuBeIeHbI Ha puc. 2411.2.

MnacTtudeckan
30Ha
ﬁf max :max
—|
1 Y —l T
r - "( Tr
r o T
E -
0 nAacTUHecKuii
LwapHup

Puc. 2411.1. Pactipenenenne nedopManuii u KacaTelIbHBIX HANPSHKEHUI B CEYEHUN CTEPIKHS IIPH
YIPYTOIUIACTUYECKOM KPY4EHUU

il
pag = deg mm=0001m cm=00lm H=N Mla= 106-—2
#H = 1000 Hu = Nm -

McxopHele aaHHbIe

Fasmepbl cTepHA d = 6um L= 150-uu

Martepwan - cTane30  E = 2-105-Ma &= 8-104-I~111'Ia
or o= 400-MIIa Op = 1000-3I1a £y = 0.8 Npw paspolBe

Puc. 2411.2. lcxoqHble TaHHBIE IS pacueTa CTEPKHS Ha YIPYTOIUIACTHYECKOE KpyUCHHUE

Bhauane crpouMm amarpamMmy AeOpMHpOBaHHS IPH pPacTshHKEHHH. [1O0CKONBKY 3aiaHBI
JIMIIB JIBE XapaKTePUCTUKH POYHOCTH, JHATpaMMy Ae(hOPMHUPOBAHHS NPOBEEM Yepe3 JIBE
TOYKH, TO €CTh HCHOJIb3yeM alpPOKCHMAIINIO JHArPAMMBI 1e(OPMUPOBAHHUS C JIMHSHHBIM
ynpounenueM. OOpaTuTe BHUMaHHWe, 4TO0 MOLyib ynpodnenus E1 B 300 pa3s menbiue
monyis IOura E (puc. 2411.3).

Jns mepexoma K OuMarpaMMe Kpy4YeHHs 3alMIIeM CBSA3b MEXIY KacaTelbHBIMH |

HOPMAJIBHBIMH  HANPSXKCHUAMUA TZU/\/E u MEXAy YIriIoM cABura M JIMHEHHOU

nedopmanmeit ¥ =£\/§. OTH COOTHOIIEHWS JAlOTCS B TEOPHHM IUIACTUYHOCTH B

COOTBETCTBHH C YETBEPTOW THIIOTE30U MPOYHOCTH (THUIOTE30i Mm3eca), 0 KOTOpoil pedb
MOHET B CIEIYIONIEH IJ1aBe.

OcyIecTBUB € IOMOINBIO 3THX COOTHOLICHUI MEPEXo] OT AMAarpaMMbl PacTSHKEHHSA K
JIUarpaMMe Kpy4deHus, CTpouM o0e muarpaMmel (it cpaBHeHus) (puc. 2411.3). [narpamma

KpYy4€HHA MIOJIy4acTCA B \/5 pa3 HUKE U B \/§ pa3 JJIMHHEE, YEM JJuarpaMma pacTsaKCHU.
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MocTpoeHue guarpammbl gechopMUpOBaHMA
Ana nepexoa oT avarpamiiel A2 opMHPOEEHHEA NpK
PACTIHEHUH K OHArDaMMEe 0ehopMUDOBEHNA NP KEYYEHUK
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Puc. 2411.3 InarpamMmsl 1e(OpMHAPOBAHNUS TIPH PACTSHKEHUU U ITPU KPYUCHUN

Jlanee BBoguM pacdeTHble BeIpakeHus (puc. 2411.4).
PesynbraTsl pacuera npuBeaeHs! Ha puc. 2411.5.

CBA3k YMa CABMMA ¢ 1 YINA 3aKPYINBaHNA ¢
Hayano TekydecTw PaspyleHue
T Bl

IL;
Y= G ¢r = TT'? bp = Tp'z'g ¢ = 83rpan bp = 3970rpan

reoMeTpuHecke YpaBHeHWA

o d A ARG i Yo d

()= — wlr,¢) = (g)r.= () = ———— =
Yrnax' . ] oL vir, g Yyt $ )t g trh "Fmax[(b.] >

H3MMECKKME p— DOV \
;fi[);)aBHeHHg THa_rp[\f,‘b] = [‘G-Y[‘r,tb,]] if Y[\r,¢.] < Yr
Npu Harpyzke tlylr ¢)) otherwise
d

YDABHEHWA oy - 2
DABHOBECHA Mild) = 27 | Tuarplr,¢)r”ar

0

Puc. 2411.4. Pacuer cTep>kHs Ha yIPYTrOIUIACTHUECKOE KpyUeHUe

B mponecce nedopmanmu ¢ pocToM yriia 3aKpy4YMBAaHHUS CTEpXKHS KpPYTSAIIMH MOMEHT
OBICTPO pacTeT OO TOABJICHMs IUIACTHYeCKHX nedopmarmii, 3ateM poct M, pesko

3aMeUIsieTcs TPH JIMHEWHOW anmpoKCUMAIMKM JuarpaMmbl J1e(OPMHUPOBAHUS W TOYTH
MOJTHOCTHIO MPEKPAIIaeTCs MPH UCTIONB30BaHUH quarpaMmsbl [Ipanaros.
[TnacTuyeckue neopMald Ha IIOBEPXHOCTH CTEPXKHS MOSIBISIFOTCS TPH  yrje

sakpyunBanus @, ~10° u kpyrsiuem momente M, ~10 Hwm. Paspymaercs crepxeHb

npu yrae sakpyuusanus @, ~4000° (cBbime 11 000pOTOB) M KpPYTSALIEM MOMEHTE
M

nuarpammel [Ipanaris.

p ~ 28 Hv npu suneitnom ynpounennu wm M, ~13 Hwm npu ucnonssosanun
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KEYTAWLMA MOMEHT

Puc. 2411.5. 3aBucuMocTb KpyTsamero momenta M « M Pajuyca rpaHullbl ynpyroi 30usl I or yria

3aKpy4yuBaHUs CTCPIKHSA ¢

YUCTO YTIpyTasl.

OnpenenuM OCTAaTOYHBIE HANPSKEHHUS NPU YHIPYTroIiacTHYecKoM KpydeHuH. OCHOBHas
MBICJIb pacueTa Ta e, YTo ¥ Ipu u3rude. Harpyska — ynpyromiactudyeckas, pasrpy3ka —

T

OcTaTo4HbIC HaIMPpSOKCHUSA PABHAIOTCA CyMME HaHpH)KeHI/Iﬁ IIpU HArpy3Kke U Mpu pasrpys3ke
oct — THaI“p + z-pa?,rp

. PacueT ocTaTo4HBIX HANPsHKEHUI MTOKa3aH Ha puc. 2411.6.

OnpepeneHne ocTaTOMHbIX HANPAXKeHWA NPU pasrpyske
nocne 3akpy4yMBaHWA CTepKHA Ha yron ¢1

#1 = 20-rpag NOMEHARTE SHEYEHUA ¢

Npu pasrpyake Tyl = —MK[}p_'].i tpaujrp[;r,nb:] = T §) 1

2
-4
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Puc. 2411.6. OctaTouHbIe HANPSDKEHUS IPU yTIPYTOIUIACTHYECKOM KPYIEeHUH

Ipu paboTte ¢ nporpammoii nepekimounte Boipaxkenns qus G1. Ha puc. 2411.3 BkiarogeHo
Beipakenne G1 st TUHEHHOM anmpoKCHMAIMK TuarpaMMel aedopmupoBanus. Briounte
G1=0 mua wucnomb3oBaHMs auMarpamMMbl 1IpaHATIS W [OCMOTPMTE HA H3MEHEHHE



pesynbraToB pacuera. CMOXeTe yBHIETh, YTO MpH yriax 3akpydusauus ¢ > 30°

KPYTAIIUNA MOMEHT NPAaKTHYECKU HE PAcTeT, CIeN0BaTeIbHO 0Opa3oBajICs IIACTHUECKHUIl

wapnup. Ipu ¢ = 30° ynpyras 30Ha nmeerT pasmep Iy ~ .. /3 Mu.
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MpArman zanada - safaHa Harpyska,
HalTH pacnpeneneHie HaNpHeHM

HAaHo. My = 13Hu nNomeHAidTe Mi Haidmm: ¢

¢ = 0.01 HavanbHoe npuBnskenne ¢ = root| Ml b ) - M1, ¢) ¢ = 234rpag

300
L
200 /
Trarplt, )
MITa
— 100 A
D 1] 0.5 1 155 2 255 3

Puc. 2411.7 Onpenenenue KacaTenbHbIX HANPSOKEHUE T TIPH 3aJaHHOM KpyTsieM Momente M K

[Ipu 3amaHHOM KPYTAIIEM MOMEHTE MOXHO HEMOCPEACTBEHHO 1o rpaduky (puc. 2411.7),
HAaUTH YroJj 3aKpy4uBaHUs, €My COOTBETCTBYHOIIMM.

3amaBatbca "Ha TNa3ok”  KPYTALUIMM MOMEHTOM HE HMEET CMbICIa, Tak Kak
YIPYToIJIaCTUYECKUH MOMEHT HM3MEHSETCSl B OYeHb HEeOOJBLIMX MpeAenax, W BelHKa
BEPOSITHOCTb, YTO He OyJIeT HalIeHO HUKAaKOTO PEIICHHSI.

Kak mnokazano Ha puc. 24[1.7, mocmorpeB Ha rpaduk (puc. 24I1.5),M0xHO 3amaTbcs
peanbHbIM 3HaYeHHeM M, ¢ OMOILIBIO QYHKINK OOt ONPENeIUTh YTON 3aKpyIHBaHUS,

COOTBGTCTBy}OHII/Iﬁ 9TOMY MOMCHTY, U HNOCTPOUTH SMIOPY KaCATCIbHBIX HaHpSDKeHI/Iﬁ B
CECYCHUU CTEPIKHA.



[Mpumep 25. PacyeT npsmMoro CTepHs Ha
85 CJTOXXHOE COMPOTUBIIEHME.

(Mporpamma 25-slog-sopr1.mcd)

PaccmoTpuM cTepikeHb MPOU3BOJIBHOIO CEUYEHUS, 3ALIEMJICHHBIM OJHMM KOHLIOM U
HArpy>KCHHBbIM NPOU3BONBHBIMM Harpy3kamu. dopma ceueHHs CTEp)KHS IOKa3aHa Ha
puc. 2511.1. VcinoBHas cxemMa Harpy»XeHHs CTEpXHS TpuBeaeHa Ha puc. 2501.2.
YCIOBHOCTh CXEMBI COCTOMT B TOM, YTO Ha HEH IOKAa3aHBl BCETO HECKOJBKO HArpy3ok,
YTOOBI BBECTH YCJIOBHbIE 0003HAUEHHS HATPY30K M KOOPJMHAT UX TOUEK MPHII0KEHHS.

B pacuer BBeZieHO 110 HECKOJIBKO HAarpy30K B KaXK/IOM HalPaBJICHUH (YHCIIO NX MOXKET OBITH
T00BIM) B BHJIE BEKTOPOB. Bcero Ha crepeHb JeHCTBYIOT 23 Harpy3Ku.
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Puc. 25I1.2. YcnoBHas cxeMa Harpy>xeHUs CTEPKHs

HcxonHble naHHBIE Ui ONpEAETCHUS BHYTPEHHUX YCHIUM mpuBeneHsl Ha puc. 25I1.3.
Pacuer Benerca ¢ ydeToMm pa3sMepHOCTEH, MOITOMY MEpel BBOJOM JAHHBIX NPHBEICHBI
MPOU3BOJIHBIE PA3MEPHOCTH .

B nmpemaraemoii Bam mporpamMMe BBIpayKeHUs! AJIsl pacyeTa BHYTPEHHUX YCHUIINI CKPBITHI B
3aKpBITBIX 30HaX JUIi YMEHBILIEHUs pa3Mepa JOKyMEHTa. Ha 3KpaHe 3akKpblTas 30Ha
OoTMeueHa CIUIOmHON JmHKel (puc. 2501.3). JIBOWHOHM MIEMTYOK MBIIIBIO HA 3TOW JIMHUK
BBI3BIBAET MOSBICHHE COJIEP)KUMOTO 3aKphITOW 30HBI Ha 3KpaHe. YTOOBI CHOBa CKpHITH
MOSIBUBIINIICS ()parMEHT MPOrPaMMBI, HaJ0 MIEIKHYTh NPAaBOH KHOIKOH MBIIIH Ha IPaHUIIC
30HBI U B MOSIBUBIIEMCSI KOHTEKCTHOM MeHIo BbiOpaTh Collapse (Cxarts). Ha pucynkax
2511.4, 25I1.5, 2511.6 moka3zaHO ompeAereHrne BHYTPEHHUX YCHUJIMM, CKPBITOE B 3aKPBITHIX
30HaX.
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Puc. 2511.3 Mcxoauple JaHHbIE Ul PaCcUy€Ta BHYTPEHHUX yCHIHN
rows [:Fx:]
NF(z) = Z I:in-[:x > LFXL']}
1=1
rows E: qx_‘] rows E:qxf]
Ny = > [qxi'[l.x Ly x> Lqmiﬂ =" [ e Loga | (x> Lqmi_']}
1=1 =

‘N(x) = NF(=) + Nq(x)|

rows E;Mx;]
M=) = z [Mxi.[_'x > LMXi;]]
i=1
rows [;mx:] rows ['_mx:]
Mgy () = Z [mxi.[_'x_ D e | .[_'X > Lm*i.ﬂ - Z I:mxi'[,.x & Imi:] '[..X > me{i_.]:l
= il 1=1

Mig(z) = Michi (%) + Mg (=)

Puc. 2511.4 Pacuet npoJ0abHBIX YCUIIUHM U KPYTSAIIMX MOMEHTOB
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rows [: FZ:]

QR = . [Fy(x> Lrg)]

rows I: qz] rows E: qz:]
Q= > [qu'[_'X ~ Loy | (% > Lqmi_']] = [qu'[_'X ~ Lo | (= > anci_']]
i=1

1=81

Qz(x) = Qre(® + Qgz(®)

rnwsI:MY:]
Mynp() = >~ [Myi.[_x > LMYL']]
rnwé [:FZ‘:]
Myr(® = [Fy(x-Lrg) (x> Lrg)]
rows (g [X E Lqmi.]z | | rows ( gg) [X " Lqﬂ{i_.]z | |
MY'Z{Z(X) = Z qzif[x = Lqmi.] ez Z q.Zl' 5 [X 2 an{i.]
1=1 1=1
My(x) = Myly(x) + MyFe () + Myge(x)
Puc. 2511.5 BHyTpeHHHE yCcuIus Ipu U3ru0e BOKpYT ocu Y
rows [FY:]
O = Z [Fyi.[_x = LFyi_']]
rn‘m‘rs [: tiy:] rowWs E: qy:]
Quylx) = Z I:qyi-[lx - quHi_.] [X b Lq_YHi:]] = Z I:Qyi-[:x— quKi_:] [x > quj{l]jl
=1 i=1

Qy(x) = QFyl(z) + Quylx)

rnws[:I'u'Iz:]
Moz = D0 [My (x> Luig ]
raw-s [:F;]

MzFy(x) = Z [Fyi'[_'x" LFYi_']'[.lX - LFYJJ

rows [: qy:] [x B quHi -]2 | | rows t:qy:] [X ¥ quKil-]2 | .
Megylx) = Z qyi.f'.[lx > Lq-YHi,] - Z a, = |Ea quKi.]
= il =l

Wiz = Mepz(2) + Mepy () + Mgy ()

Puc. 25I1.6 BHyTpeHHue ycuus Ipu U3rude BOKpyr ocu Z

10

N(Z) 0.1 5
®H ’x‘;x

o
Qg ()
kH 0
¢
Qy(xj
CxH
W= -5

10,07 a0 60 40 20

H

CI

Puc. 2511.7 Dmopsl npononbubix yeumuii N 1 monepeunsix cun Qy u Qz
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Puic. 2511.8 Dmiopst nsrutaoumx momentos My, M, 1 kpyrsimero momenta M

IIpu onpeneneHny BHYTPEHHUX YCUIMH HCIOIB30BaHbl BEIpAXEHUS U3 mpumMepoB 9, 10, 11
(puc. 9I1.3, 10IL2, 11I1.4). B oTux BBIPAXEHHUIX HCIOIH30BAHBI TAPHl  CHI,
COCpPEIOTOUCHHBIE CHUJIBI M PACIpPE/CICHHbIC HAarpy3KH IMOCTOSIHHOM MHTeHCHBHOCTH. [Ipn
HEOOXOAMMOCTH MOYXHO BCTaBUTH TI'OTOBBIC BBIPXKEHUSI M Ul HArpy3Kd IEepeMEeHHOW
MHTEeHCUBHOCTHU. IIpu 3TOM B cHIly HCIONIB30BaHUS MHTETPATbHBIX BBIPAXKEHUI HECKOJIBKO
YBEIIMYMBACTCS BPEMsS pacdeTa. OMIOphl BHYTPEHHMX YCHJIMH IOKa3aHbl Ha PHCYHKaxX
25I1.7 n 2511.8.

IIpu pabote ¢ mporpamMMoii BHa9ajie PEUINTE TECTOBBIE 3amadi. [ 3TOTO Mo KaXIOMy
HaIpaBJICHNUIO OCTABBTE IO OJHON HArpys3ke, yIajlMB CTapylo Harpy3Ky W BIIMCAaB HyJb Ha
ee MecTo.

Umucno Harpy3oKk MOXKHO W yBEIHYHTh, J00aBHB CTPOKH B COOTBETCTBYIOLIME BEKTOPHI
HArpy30K M TOUYeK UX IpriiokeHus (puc. 2511.3).

OmnpenenuB BHYTPEHHHWE YCHIIMS, NPUCTYNAeM K pacyeTy HANpPsHKEHHH B IMOMEPEYHBIX
ceueHnsAX crepxHA. Popma M pa3Mepbl CEUCHMH MO JUTMHE CTEPXKHS MOTYT M3MEHSTHCS
MPOM3BOJIBHO.

Jlisa pacuera B3AT CTEp)KEHb, COCTOSAIIMN U3 4-X y4YacCTKOB Pa3IM4YHOIO MONEPEYHOIo
ceueHus. [lepBblil y4acTOK NPsIMOYTOJBHBIN, BTOPOH — KPYIJIBIHA, TPETHH — KOJIBLEBOMH,
YeTBEpPTHII — KBAApaTHOTO cedeHus. Pa3Mepbl cedyeHus MO JUIMHE ydacTKa MOTYT
U3MEHAThCA. B HameMm mpuMepe BTOpPOIl y4acTOK KPYIJIOTO MOMEPEYHOTO CEYEHUS MMEET
KOJIBIIEBYIO KaHaBKy mapabonmueckod (opmbl. PasMepsl cedeHHMs M JUIMHBI y4acTKOB
IpuBeaeHsl Ha puc. 2511.9.

Jnst pacueTa KacaTenbHBIX HANPSHKEHUH B CEYEHUAX MPSMOYTOJILHON (POpPMBI HEOOXOMMO
3a/1aBath KO3(QOUIUEHTH &, 3,7 , 3aBUCALINE OT COOTHOUIEHUSI CTOPOH TPAMOYTOILHUKA

h/b. B mporpammy BBemena Tabmuma >TMX KOS( UIMEHTOB, KOTOpas C TOMOIIBIO
BCTpOoeHHOM (yHkimu interp mpespamena B Qynkmud (X)), LX) u  y(X)
(puc. 2511.10). Ha sTomM e puCyHKe TNOKa3aH rpadMK 3aBUCHUMOCTH KOI(P(PHIUECHTOB

a, B,y or h/b.
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XapaKkTepUcTUKK NomnepeyHbIX CeYeHUi

NpAMOYTronbHUK Kpyr KOMNbLO KBagpar
Tl AT e o e Elissoien
b= dcm 5 D:=5cm hl = 5-cm
T ]

hi=b6cm dlix) = |jl§-|(x— 5 ] —2:| + 4:|-CM JL3 = 7L oTL3gol
bl

m o hbl = —

3,5,er CEREIT pacHeT MOMeHTOE WHepLWMK W MOMEHTOE CONPOTUENEHWA b bl

=

PacueT MakcmankbHbIX
3KBUBaNEeHTHbIX HanpaXxXeHui

_ JMk(x)z + My(x)2 + Mz(x)2 Cmpameyr® = o1& M - M
Cpyri®) = o o =
o (seY (@Y
Tmax(®) = anHMoyr(X) s 10 2 Wy )
Cupyr(x £ L1 =x <12 o -
Cgpyr(®) f L2 =x <13 S5k @) + 4.v(=) m
Cnpamoyr(E)  otherwise i

Puc. 2511.9 Pacyer HanpsKeHUH B CTEPKHE IIPU CII0)KHOM CONPOTHUBIEHUU

Jnst pacuera HamnpsDKEHMH B CEYEHMSX HEOOXOIUMO OIpPEAEIUTh MOMEHTHl MHEPLUH U
MOMEHTBI CONPOTHUBJICHUS CeueHUH. B OCHOBHOM mporpamMMe OHU BCTaBJIEHBI U CKPBITHI
cpa3y Iocie BBOJA pa3MepoB ceueHHil. B pa3sBepHyTOM Buzae 3TOT ()parMeHT MOKa3aH Ha
puc. 25I1.11. Pe3ynpTaTsl pacyera MOMEHTOB MHEPLIMHU NpUBEAEHBI Ha puc. 2511.12.

IIpu ucnonp30BaHUU NPOrpaMMBbl FEOMETPUUECKUE XaPAKTEPUCTUKU HAJ0 NMEPEONPENETUTD
B COOTBETCTBHU C PEATbHOM 3aja4ueii, BBECTH CBOU (POPMBbI CEUEHHH M UX XapaKTEPHUCTHKH.

MakcumanbHble HanpsDKEHHsS Ul CEYCHHH INpSIMOYTOJIBHOH M Kpyrioil  (opMsl
OIIPEJICTISIFOTCS 110 Pa3HbIM (GopMynam. DT GopMyIibl IpUBeaeHb! Ha puc. 211.9.

JUis npsMOYTONBHBIX CEYEHUN HANpsDKEHUS ONPENeNsIoTCs B TPeX TOUKaX M M3 HHUX
BeIOMpaeTcs HaumOosbinee. /lajgee B BUJE MaJIEHBKON MOINPOrpaMMbl 3amucaHa (GpyHKIus
pacripesielleHus] MaKCHMAlbHBIX HAINpsDKEHUH MO JJIMHE CTepKHA. Pe3ynbpTarel pacdera
MaKCUMAaJIbHBIX HaNpsDKeHUH npuBeneHs! Ha puc. 2511.13.

0141 0208 100 1
0.1%6 0231 0.85% 15
0229 0246 0735 2

024% 0256 0766 25
OyHKUmK koadhchnumeHToB o, B, YoT hib

0.263 0.267 0.753 3

0281 0282 0745 4 |a= o b= e = o
6
8

ORIGIN =1

abc =

b = abo

Co
0,283 0253 07743

0,307 0307 0743
0312 0313 0.743 10 B (=) = mterp(lspline(hb b)) bbb =)

o (x) = mterp (lspline (hb  a)  hb ,a,x)

0333 0333 0743 100 ¥z = mterp {lsplnehb ¢} hb o, =)
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0.8
c 07 Lol TTY SO FUOF S R S
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Puc. 2511.10 IpeobpasoBanue Tabiauipl kKodGhuimentos o, B,y B GpyHKuUn
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6l iz
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I'padyik MOMEHTOB MHEPIIMH I10 JUINHE CTCPIKHS
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MAKCHMANEBEHEIE SEEHEAIEHTHEIE HallpAXEHHA
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V3MeHeHue S5KBUBAJICHTHOI'O HAMpPSDKEHMS B ONIACHBIX TOUKAX CEYCHUI 10 JJIMHE
CTEePIKHSA

Berpoennble ¢yHkiun Mathcad He B COCTOSHHMHM ONPENETHTh MaKCHMYyM CTYIICHYaTOH
(GYHKLIMH, TIOATOMY Ul OIpPENENICHUs MaKCHMaJbHOTO SKBHBAJICHTHOTO HAIPSDKCHUS B
CTEpIKHE BOCHOJIB3yeMCsl caMojeNbHOH ¢yHknueii Fmax, wucmonssylomel mnpocToi
nepebop 3Ha4eHWH (QYHKIUH MO0 BCeMy AMAINa3oHy 3HAaYeHHU aprymenta (puc. 2511.14).
[Ipu pacyerax ¢ y4eToM pa3sMepHOCTeH BO3HHKaeT CloxHOCTb. Mathcad tpebyer, 4ToOBI
BCE BBIBOJMMBIC M3 IPOrPaMMBI BEIMYMHBI UMEIH OJMHAKOBYIO Pa3MEepHOCTh. B Hamem
Cllyyae HaIpsDKEHHE IMaxc M3MepseIcsi B MeramackauiX, a KOOpJUHAaTa CEUYeHHUs, T
JEeWCTBYET MAaX G, BEIMUHHA X,,,, H3MepsAeTcsa B MeTpax. UYToOwl 000iiTH 3TO TpeboBaHue,

KoTOpoe 0e3 OonblinX ycwinit Mornu Obl cHATH pa3paborunku Mathcad, BbimonHeHO
BbIpaBHHBAaHUEC paSMepHOCTeﬁ B DJJIEMEHTAaX BBIXOAHOI'O MacCCHBa. 3aTeM Ipru BbBIBOJC
Pe3yJIbTaTOB MPOU3BEICH BO3BPAT K MPABUIILHON Pa3MEPHOCTH.

Iy=0m ILy=L n:=100

B cocTaBHOM MaccHMBe EbIBOAA Pe3yNbTaTOB pacyeTa
caoenaTtb BCe paiMepHOCTHM OQMHAKOEbLIMWK

Fax(F,La, L, M) = |Le Ly meaxS = Froax| Omax, Lar, Tac,n) 1
il |P(L)| BosepaweHne
while L < Ly K MCXOAHOW pa3sMepHOCTH
E; e
L%L-}-ﬁ e Fmax[,omaXaLHaLKanJZM
L ¥H
A2 e [F maxG = 74.7MIIa
if A2 » Al e
Al A2
L2« 1L
T
A1 Lz-E
3
g

Onpenenex—me MaKCHUMAJIbHOT'O 3KBUBAJICHTHOI'O HAIIPSY)KEHUS B CTCPIKHE

Onpep,eneHwe ﬂepeMeLIJ,eHMVI NPAMOro CTep>XH4A npu NpoCcTpaHCTBEHHOM
Harpy>xeHuwu.

[lepemerneHust cTepKHS TPH CIOXHOM CONPOTHBICHHH OIpPENEIsieM C MOMOMIBIO
uHTerpana Mopa.

EnuHMYHBIE CHUCTEMBI U ONIpENENICHHs IEPEMEIICHUH CTEpXKHS Takue e, Kak Uil
TUTOCKOW 3aiaun B mpumMepe 19, Ho pa3BepHyThie Ha 180°, 9TO COOTBETCTBYET Ipy30BOIt
cucreme. OHM nokazaHsl Ha puc. 25I1.15. M3MeHenne miockocT! n3rnba He MEHSET BUAA
€IMHUYHON CHCTEMbI M BBIPDAXCHUS JUII MOMEHTOB OT CIMHWYHOW CHibl. BHyTpeHnHme
YCWIHA OT €JUHUYHBIX CHUJI MpuBeAeHbI Ha puc. 2511.16. Tam xe nmpuBeAeHBl UHTErPATIbI
Mopa amst onipefieNIeHusI TpeX JIMHEWHBIX U TPEX YTJIOBBIX NMEPEMEIICHUH CTePKHS.

BMmecTo miecTM eAMHWYHBIX CHCTEM HAPHCOBAHO TONBKO TPH, TAaK KaK  yPaBHEHUS
M3ruOaOUX MOMEHTOB OT €JMHHUYHOW CHIJIBI HE 3aBUCSAT OT IUIOCKOCTH u3ruba. TouHo
TaKke MOMEHT OT Iapbl CHJ PaBEeH CIMHUIIE 10 BCEH JUIMHE CTEPKHS HE3aBHCHUMO OT
HarpaBJICHUS BPALICHUS.
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Puc. 25I1.15. EquHuuHBIC CUCTEMBI AJIs1 KOHCOJIBHOTO CTEPIKHS IPH IIPOCTPAHCTBEHHOM HarpyXeHUH

MOMEHTbI OT eAMHUYHOW CUNbI

anA I'IDOI'I.-‘IEIS ANAYMoB NOBOROTH AnA YANMHEHKWA
MGz, x) = liz—m=) (x> =) W20, x) = 1z 2 m) Nlz,z) = 1z 2 =)

YANUHEHMe cTepHA
Mporvbbl CTEPXHA MO OCAM Y U 2

L L s
My (x) M1 Mg(x) M1 :
A y(z) M1z, %) G A z(%) M1 (=, %) e M(x) M1z, %) o
E-Jy(x) EJL(x) E-A(x)
a i o
YrAbl NOEOPOTA CEYEHUA CTEPXKHA BOKPYT OCeH X,¥,Z
LM()M2( ) LM()Mz( ) LM()M2( )
%) o e %) oid e 1 (=) WK
®,() = Yi & Oyl = Zi = e
E-Jy(x) E-J4(x) G-Je(x)
0 0 0

Puc. 2511.16. OnpeneneHue nepeMeIleHUid CTepAKHS IPU CI0KHOM COIIPOTUBIICHUU C IOMOLIbIO
uuTerpaia Mopa

JuHefHEE DEpEMEIEHHA CEYEHUH CTEPEHA YTHH DOBOPOTA CEHEHRHE CTEPKHA
1
Ay(x)-10 - (x5 —
0.5 e 0.z e
it Les* rpag
4 .-"'.... sl @ /
() 0 feze . & 01
s ™ | rpag L7
ssene P ssene -74/"
- 0
Aot 0 ~ @) il
\..\ ] ..'."'o
M \ rpag ol oF ch
----- -1 e ————— ol
-1.5 0.2
100 90 80 70 60 50 40 30 20 10 0 100 90 80 70 60 50 40 30 20 10 O
HH HH
CI CM

Puc. 25I1.17. Jlunelinple ¥ yIioBbIE MEPEMELICHUS CTEPHKHS IPHU CIOKHOM COIIPOTUBIIEHUU

Pe3ynpraThl pacuera nmepeMeleHUH MpU CIO0XKHOM CONPOTUBIECHUH CTEPXKHS NMPUBEICHBI

Ha puc. 25I1.17.

OOparure BHMMaHHWE Ha KpPaTKOCTh M NPOCTOTy 3amuck B Mathcad HckirounTensHO
CIIO)KHOM MW TPYNOEMKOM 3aJayd ONpe/AeNeHHs BCEX NEepEeMEIlEeHUH IPOU3BOIBLHO
Harpy>KeHHOT'O CTEPIKHS IIEPEMEHHOI0 CTYTIEHYaTOro TOIEPEYHOro CEYCHHUSI.
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[Mpumep 26. PacyeT npocTpaHCTBEHHOIO
CTEPXXHS Ha CITOXXHOE COMNpPOTUBIIEHME.

(Mporpamma 26-slog-sopr2.mcd)

B otimume ot GosbIIMHCTBA IPOrPaMM B 3TOW KHUIE 3TO NIPUMEP HE YHUBEpPCAJIbHBINA U HE
MOJXET pEeHINTh OOJBIIMHCTBO IOJOOHBIX NporpamMM. S1 Bce BpeMsl pEKOMEHIYIO0 He
ncnosb3oBats Mathcad st pemenust mpocTteix 3a1a4 win, eciau Mathcad He obnerdaer, He
yCKOpsieT padoTy.

COBET

Mathcad — 3TO HHCTPYMEHT pelIeHHUs 3a7a4d U OH JOJDKEH YCKOPATH padoTy, o0ieryarsb
ee. B mporuBHOM ciydae He ucnonp3yiite Mathcad.

Ha »TOoM mpumepe s pemms moka3arb BO3MOXKHOCTh COOPKH HpPOTpaMMbI W3 TOTOBBIX
(parMeHTOB APYruX mporpaMm. Y CTyJICHTOB M MH)XEHEPOB HET BPEMEHHU Ha COCTABJICHHE
¥ OTJIaZIKy OTHOCHTEJIFHO CIIOXKHBIX IporpamM. [Ipeuiaraempie MHOH 3JIEKTPOHHBIE KHUTH,
MIPEACTaBISAIOT Cco00it  (akTHyeckn cOopHukM nporpamMm. CocTaBieHHE NpOrpamMm
MONB30BaTeNs M3 (ParMEHTOB TOTOBBIX MPOTPaMM IO3BOJSIET MHOTOKPAaTHO COKPATUTh
BpeMsI UX MOJTOTOBKH M UCIIOIB30BATh MOM ONBIT COCTABIICHHS IIPOTPaMM.

Jus 3aganHoro cTepykHsA (puc. 26.1) ompemenyM pa3Mephl HOMEPEYHBIX CEUCHHN M3
YCJIOBHS IPOYHOCTH M OPENIENIMM FOPU30OHTAIBHOE IIEPEMEILCHNE KOHIIA CTEPIKHSL.

L, Ly

Puc. 2611.1. PacueTHast cxema npoCTPaHCTBEHHOTO CTEPHKHS

Ucxonubie naHHBIe s pacuera mpuBeAeHbl Ha puc. 26I1.2. K MCXOAHBIM JaHHBIM
OTHOCHTCS M MaTpHILa BHYTPEeHHUX ycunuii M p(x), cocTaBneHHas "BpydHyro".

ANHHE! BHelWHKWE
YHACTKOB UMbl MHT2HCHEHOCTE B
pacnpegsneHHOx
20 5 Harpakn Jonyckasmoe 5
20 10 o HanpA+eHWe E = 2.10" Wla
L= tm F = ¥H  qi= 20— Gpon = 100-MIIa
20 12 e G = 210" M
40 8
r [:l —Plx —PEX -
-Fa14 ~Fa=z+ qT -Fi1 14
M=z =
Flx) 0 Fax 0
- . alLa)
-FiL; -Fi=+ Pg-L2+P3-(_L3+XJ - Fax-Fal4
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Puc. 2611.2. Mcxoauble AaHHBIC LUl pacueTa IPOCTPAHCTBEHHOI'O CTEPIKHS

Omopsl BHYTPEHHHMX YCHIMM U 3aJaHHOTO CTEp)KHSA MNpHBeneHsl Ha puc. 26113 u
moctpoeHbl "BpyuHyro" 0e3 ydyactusi Mathcad. DTOT makeT MOXET MOCTPOUTH TIpauKH
JIMIIb [TPU HENPEPHIBHOM U3MEHEHUH MTEPEMEHHOM, TO €CTh JUIS NPSAMBIX CTEPIKHEH ITyCTh U
¢ OOJIBIIIMM YHMCIIOM YYacTKOB, KaK B IPEbIYIIIEM TIPHIMeEpE.

a)

T
1

- 5

Puc. 26I1.3. Dmropsl BHYTPEHHUX YCHIHIA IJISl CTEPIKHSA, TIOCTPOCHHBIC "BpyUYHYIO"

Ha puc. 26I1.3,a mokazaHsl 3MIOPBI IPOIOIBHOTO yeuinusd N U KpyTsimiero MmomeHra M,

Ha puc. 26I1.3,6 smopsr m3rubarommx momenros M, u M,. Mathcad crpour te xe

SMIOPHI U KaXIO0TO YJacTKa OTIeNbHO (puc. 2611.4).
NoMEeHARTE K - HOMEPD Y4acTHa k=4 Mplxzk) = Mpizg |

Ly
My(z, k) = MFiglk,2 Mzizgk) = Mpiglk,3 == O-M,%--Lk

10
0
=
My (=, k) | L L
xHu | e MOMEHTEI B HaYane
5 e M B KOHUE YYacTra
Myl | Myt = — 1w
¥Hm ____..--"“
e N 45
Mz(x, k0 n L= = My(m,k) = 23 ¥Hm
KHm Lowre
ey B 1 |y
oL k) = M
4 - 2.8
0 10 20 30 40
i
CI

Puc. 2611.4. Duropsl BHYTPEHHUX yCHWINHN JUTA CTEPKHI, TocTpoeHHbIe Mathcad

Hanee omnpeneieHbl T€OMETPUYECKUE XAPAKTEPUCTHKH IOMEPEYHBIX CEUCHHH CTepIKHS
(puc. 26I1.5). Jlns nepBoro u BTOPOro y4acTKOB CEUYCHUE MPSIMOYTOJIBHOE, AJIS TPEThEro U
YEeTBEPTOr0 y4acTKOB — Kpyrioe. g pacyera MOMEHTOB HMHEPUIMH M MOMEHTOB
CONPOTHBIICHHUS B3AThI (PparMeHThI mpumMepa 25 (mporpammsr 25-slog-sopr1) (puc. 2511.10
u 25I1.11). Belpaxkenusi Jyis MOMEHTOB MHepuMH | W MOMEHTOB comporusieHust W

MOJNPABICHBl C YYETOM pealbHbIX (OPM MOMEPEHHOr0 CEeYeHUsl CTepXHs. Pacyer

MIpeaycMaTprBaeT BO3MOKHOCTh ITOBOPOTa NPSIMOYTOJBHOTO cedeHus Ha 90°, mis gero
npou3BoAnTCS nepenmenoBanne J u W.



PacyeT MmomeHTOB NHepUn 1 MOMEHTOB CONPOTUBNEHNA

206k CHPLIT PAcYeT KOULMEHTOB o, &, 4 LN NPAMOYTONEHOM CEYeHMA
a

[l
XapaKkTeprucTUKKA NMonepeyYHbIX ceYeHUi

MNPAMOYFONMEHMK b= Zcm kb = 25  h'=bhb  MEHGLWWA padMep b napannenat ook z
KpYr d:=4.cu

30eck CHPLIT PACHET MOMEHTOB MHEPLIMKM W MOMEHTOB CONPOTHENEHHA

NI
H

2CMM MEHBLWWA DA3MED NRAMOYTONEHOMD CEYeHHA e 15,6 = diife . ) ez o) = Uil Jo ) e 9,8 = dge o, o)

MEAPEANNENEH GCH Y, TO BIKMIONTE STH BRIDBKEHUA Ty (k b, d) = Walk,b,d) Wgk,b,d) = Wylk,b,d)  Wylk,b,d) = Wyik,b,d)

PacueT 3KkBMBaNeHTHbIX Haﬂpﬂ}l{eHMﬁ

z z z Iy (x, I i, K
T ST JMk(x,k) + My (10" + Mz, k) Cpantoyn (5, 6,5) = GH_MJ,M
e, ke, ) 1= bd Wylk,b,d) | Walk,b,d)
Myl k) 2 ; My (e, k) :
Gal,k,b,d) = | Cppapyr G,k b) F K < 3 Ga 4 Wyeo.d) = e

GKPY'F(X Je,dy otherwise

Mozl ) Mz, )’
. L Gie || =——— | +4¥1l| ——
nomeHaAirTe k k Welk,b,d) Wik, b, d)

{howep yuacTka) * = 2 =10 "2 Ly

mazl( o)
Puc. 2611.5. Pacuer Hanpsbxenuii B Mathcad

[IpuBenennsrii BHU3Y puc. 26[1.5 pacueT >KBHUBAJICHTHBIX HANPSOKCHUH U KPYTIIBIX U
OPSIMOYTOJIBHBIX CEYCHHI TAK)Ke CKOMUPOBAH U3 MpeAblayIel nporpammel 25-slog-sopr1
(puc. 25I1.9). A BOT pacueT MaKCHMAaJbHBIX SKBHBAJCHTHBIX HANPSHKCHUH BBHITOIHEH
npoiie, 9eM B npumepe 25 (puc. 2511.14). Jleno B TOM, 4TO HHA OJHA BCTPOCHHAS (PYHKITHSL
Mathcad He MOXET OIpeneNuTh SKCTPeMyM (DYHKIMH CO CKadKaMH W pa3pbIBaMH (pHC.
25I1.13) u B npumepe 25 ucnonb3oBanack camoenbHas GpyHkuus Fmax. Eciu Makcumym
HAIPsDKEHUS OMPEJIENACTCS Ha KaKA0M yJacTKe OTACIBHO U pa3pbiBa QYHKIMU TaM HET, TO

¢ TaKoii 3aa4eil ycremno cipasisiercst Gpyrknus Maximize. [lns onpeneneHust max o,

UCIIONB30BaHa MOJNporpaMMa mMax G, KOTOpas OIpeielsieT MakCUMAaJIbHOE HaNpsDKeHHEe
Ha KaXIOM YydYacTKe W BbIOMpaeT W3 HHX Ooipmee (puc.26I1.6). DtoT QparMeHT
nmporpaMmMbl  BaXX€H C€HIC W TEM, 4YTO IIOKa3bIBACT BO3MOXHOCTH HCIIOJb30BaAHUSA
BBIUMCIIMTEILHOIO OJIOKA C KIIIOYEBBIM CIIOBOM given B TIPOrpaMMHBIX MOIYJIAX.
IMogo6HbIM 00pa3oM MOXKHO HCHOJIB30BaTh B mporpammax ¢yukuuu Find, Minerr,
Maximize, Minimize.

OHPEAEHEHHE MaKCUManbHOro aKBUMBaneHTHOro HaNpAXeHWA

Ouen(x,k) = Oglx,k,b,d)

ki=1x2=01305 Given Om<x<Lli Zmexlk = Mme(cm,xj

maxs = |for kel. 4 750
H 4 Emax k) 871 MEKCHMANLHEIE
. . mauc| = WITa HANPSHEHUA HA
Ok 4= Ol 2k, k) 282 BCEX yHACTHAX
ol & maxl o) 1255
- T
o 1) mazcy = 125500la  mazs = maxdy

MoaGop pasMepoB cevYeHWA CTep’KHA U3 YCIOBMA MPOYHOCTH

AnA npAMOYTONEHOrO CeeHKWA k=2 BBEedWTe HOMep YMacTka, e
HaxoOMTCA ONacHoe CeYeHWe

b= Tem b= root| Opgauoyr(®,k,b) = Gpon,b) b = 5803cm h = bhb
h = 14.506 cu

ANA Kpymnoro cedednAa k=4 BBeAWTE HOMED YYaCcTHE, rie
HEXOWTCH aNacHoe CeYeHue

di=1lem d:= rootlz:GKps,T(x,k,d) - Ogo.d)  d=8171lcw

Puc. 2611.6. Pacuer Ha NpOYHOCTb NPOCTPAHCTBEHHOI'O CTEPIKHS

Onpep,eneHl/le nepemMeLlleHmna NpoCTpaHCTBEHHOIO CTEPXKHA.

[epemenieHus MPOCTPAHCTBEHHOTO CTEPIKHS OIPeessieM ¢ OMOILBIO HHTerpaia Mopa.
I'py3oBast (3aaHHasi) CHCTEMa M SIUHHYHAS CHCTeMa IS ONPEleSICHHsS TOPU3OHTAIEHOTO
nepeMeIeHus KOHIa cTepxkHs (ceueHns B) mokazansr Ha puc. 2611.7.

Usrubaronine MOMEHTBI Uisl TPy30BOM (3amaHHOil) cuctembl Mp(Xx) npHBeneHbI Ha

puc. 26I1.8 cneBa. MOMeHTHI Ul €IUHUYHON CUCTEMBI IpUBEAEHbI Ha puc. 26I1.8 cmpaga.
[epBbIe cTONOIBI MaTpHILl COJIEP)KaT MOMEHTBI OTHOCHUTEIIHHO HPOJOIBHON OCH X, TO €CTh
KPYTSIIFE MOMEHTHL. BTOpoil M TpeTwil CTONOLBI cofep)kaT HM3THOAIONIEe MOMEHTHI
COOTBETCTBEHHO OTHOCHTENIFHO OCe Yy M z. B ogHy W Ty Xe Marpuily BKIIOYCHBI
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H3Fl/l68.}0111[/1€ U KPYTAIIME MOMCHTEI. 9TO IO3BOJIUT OAHUM HHTETPAJIbHBIM BbIPA)KCHUEM
BBIYUCIIUTDL BCE CJIara€MbIC, BXOAAIINE B MHTETrpaJl Mopa. Brnusuunem MPOAOJBHOI0 YCUIIUA
U MOMEPEYHBIX CHJI MOXKHO MpeHeOpeYb. YUYeT UX BHOCHT MOIMPABKY JIMIIb B MATOM 3HAKE
pe3ynbpTaTa pacyera. B OCTaBIIMXCS TpeX ClaracMbiX pa3Hble 3HAMCHATENH: IS
M3ru0aronMX MOMEHTOB B 3HAMEHATes e CTOUT MoAyb FOHra E | 1Jis KpyTAIIMX MOMEHTOB
— MOJAYJb CABUTa G . LITO6IJI npeaACTaBUTb TPU MHTETrpaia B BUAC OAHOT'O, CO3AaHbl ABa
BekTopa: Ewu J.

AZZJ MyFMde +ZJ- M, M, dx +ZJ- M M dx
. HEJ y . EJ, . GJ
Ha puc. 26I1.8 BHM3y moKa3aHO ompeneneHue nepemenienns. Vaterpar Mopa B 1aHHOM

npuMepe comepkuT 12 crnaraeMpIx (IPOM3BEACHHE TPEX BHYTPEHHHUX YCHIIMH HA YeTBIpeX
y4acTKax).

K

R

Puc. 2611.7. I'py30Bast 1 eAMHUYHAS] CUCTEMBI JUIS OIIPEACICHUS TOPU30HTAIBHOTO TIepeMEIECHHS
KOHIIA CTEPKHS

0 -Fix —Fax

0 0 -x
q-x

-F2L =By =187 IL,

2Ly i 1Ly E
Mriz) = Mz =
) 0 Fs=z 0 = O o o
2 0 Ly -L
Q'[LZ) 2 1
-F1-Lg —Fl-X+P2-L2+P3-(L3+x)—T F3x-Fa21q

= - m = rowsiL)
WNHTerpan Mopa

G Jielle, b, )
Ly
E=|E| T =]|lylkb,d L MF(2)k, i (M1(2),
e — "z A=55mm
E Tzik,b,d) Z E;-Ttk);
b= st g "

Puc. 2611.8. MaTpuiibl MOMEHTOB BHEITHUX CHJI, MOMEHTOB OT €MHUYHOMN CUJIbI M MHTErpas Mopa
JUTSI OTIPEICIICHHSI TOPU3OHTATIBHOTO TIEPEMEILISHHSI KOHIIA CTePIKHS
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Mpumep 27. OnpegeneHne nepemMeLleHnm
CUCTEM N3 HECKOMNbKMUX 311EMEHTOB.

(Mporpamma 27-energimcd)

DHEPreTUYeCKuii METO MO3BOJISIET ONMPECIUTh MEPEMEICHHS JTHObIX YIPYTUX CHCTEM.
Jis cucreMm, cOOpaHHBIX W3 OOJBIIOTO KOJMYECTBA DIIEMCHTOB COXPAHSCTCS TOT JKE
MOPSIOK pacdera, HO O0IIHif 00hEM PACYeTOB MHOTOKPATHO YBEITHYHBACTCSI.

ITopsinok pacuera nepeMeIieHnid TaKUX CUCTEM CJIETYFOIIMIA:

O Hapucosath rpy30ByI0 1 €ANHHYHYIO CHCTEMBI.

QO EIuMHUYHYIO CHCTEMY Harpy3suTh €IMHUYHOM CHJIOM B TOYKe, [AE UIIEM
NIEpEMEIICHNE B HAIIPABJICHUH NIEPEMEIICHHS.

Pazmenuts TPY30BYIO U €AMHUYHYIO CUCTEMBI Ha OTACIIBHBIC DJIEMEHTBI.

OHpe,Z[eHI/ITB BHYTPEHHUE YCWIMA B DJJIEMEHTAaX CHUCTEMBI IJId TPY30BOIO U
CAUHHUYHOT'O COCTOSHUA.

O OmnpenenuTs NepeMelieHne ¢ IOMOIIbI0 HHTerpaia Mopa.

I[J'IH OMPEAC/ICHUA BHYTPCHHHUX yCI/IHI/Iﬁ B 3JICMCHTAaX CHCTEMblI €€ HaJI0 pa306paTb u
PaccMOTPETh CHIIBI, IEHCTBYIOIUE HA KAXKIBIH 3JIEMEHT B OTACIBHOCTH.
HWuTerpan Mopa mist onpeeneHns HepeMeIeHHs CI0KHOH CUCTEMBI IPHHUMAET BUJ

NeN  NgN MM
A=Yy —F—4—F— 4> [—F—dx,

Ker Kup . EBJ
rze nepBoe cllaraeéMoe yYHTHIBACT BKJIA] PACTSDKCHHUS CTEPXKHEH B IepeMeIleHUe, BTOPOe
cllaraeMoe — BKJIAJI PACTSDKCHUS IPYKUH U TPEThe BKIIaJ H3riba Oaok.
OmnpeznenuM mepeMeIleHne CUCTEMBbI, COCTOsMIeH N3 OByX 0alloK, CBS3aHHBIX IPY)KUHOH M
ctepxaeM (puc. 2711.1).

F

L, L,

>

&

< <

NN

Puc. 2711.1. 3aganHas cucTeMa U3 HECKOJIBKHUX DJICMEHTOB

HcxonHble maHHBIE IUISI pacdeTra CHCTEMBI IOoKa3aHbl Ha puc. 27I1.2. Bcee smemeHTHI
CHCTEMBI CTalbHbIe. s 6aloK 3aJaHbl UIMHLL Y4acTKOB L ¥ pasmepsl mpsSMOyroisHOro
nonepeunoro cedenus b u h. Ha ToM xe pucyHke ompejieiieHbl MOMEHT UHepuuu J u

momeHT conportusiaenus W cedenus 6anok. it crepyxkus umHa L, U pasmep cTopoHs

KBaJpaTHOTO TIONEPEYHOT0 cedeHus a . [l mpyKUHBI 3ajaHa ee KECTKOCTh Knp .

KMcxogHble gaHHbIe Harpyaka F .= 5¥H

ANA CTEPXHA bWogyns KoHra E = 2-105-L41Ia
ANKHA CTepwHA  Lop = 20.cu

CTOPCOHA KBAAPATHOMD CEYEHUA CTEPHHA a:=5mm

NNowAans cevYeHs A= a2 A R cm2

AnA Banok (ceveHnd oeyx Ganok gaMHaKoBbIE)
ANWHEl Yy4acTHOE Banok L.=1(20 10 30 10)T-cm
hi=2cw b=4dcu BbICOTAW WMpUHA CedeHMA Banok

3 2
i % o % Fo f6ben” W=

HECTHOCTE MDYHWHEl Ky = 100-E
MDD

Puc. 2711.2. VicxonHble JaHHbIE JUIS pacueTa MepeMelieHUi CUCTEMbI U3 HECKOJIbKUX JIEMEHTOB
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B npumepe onpenensrorcsi JBa NepeMelleHHs] CUCTEMbI: JMHEHHOE MepeMeNIeHne TOUYKH
npunokenust cunbl F u yrinosoe nepemerenue ua onope D .
Jis kaxmoro nepeMeIieHusl HApUCOBaHA CBOs eIMHIYHAs cucTema (puc. 2711.3).

F=1 > =1
Da D .
\&3 ;\*W
B % B e
N ‘\\&
NN\ NN\

Puc. 2711.3. Equnnunsle cucteMsl 1i1s onpeaencaus AF, (ceBa) u O (crnpasa)

BEpT

Jnst onpeneneHns: BHYTPEHHUX YCHJIMH pa30epeM Ha OTAENbHBIE JJIEMEHTBHl KOKAYI0 M3
HapUCOBaHHBIX cHcTeM (Tpy30ByI0 (3alaHHYI0) W JBE €IWHWYHBIE) W M3 YpaBHEHUH
paBHOBECHUS KaXKJJOTO JIEMEHTA ONIPEIEIUM BHYTpEHHHUE ycuiusl. [leTanupoBka rpy30Boil U
BTOPOW €IMHUYHON CHCTEMBbI MOoKa3zaHbl Ha puc. 2711.4. [l nepBoil eqTUHUYHON CUCTEMBI
YCHIIHSL TIPOTIOPIMOHANIBHBI YCHIMSAM B T'PY30BOW CHCTEME, TaK KaK TOYKH IPHIIOKEHHS

HarpyBKI/I nu HaHpaBJ‘IeHI/ISI Harpy30K COBIIaAAaKOT.
AN,
v Np
% N,
YR,

oy Vo Rf e

i J

N

—>
|

RBf N] sz §Bf
B + N, B

VN

22
22

-«
d

Puc. 2711.4. PazOueHre Ha SIEMEHTHI TPy30BOil U CAMHUYHON CHCTEMBI IS GD

Yceunus B cTepiKHE U NPY>KUHE AT ONIpeesIeHHs IepEMEIeHNUs TOUKU NMPHIOKEHHUS CHUIIBI
Haliensl Ha puc. 2711.5. OmopHbIe peakui U U3rUOAONIIEe MOMEHTHI B 0aJIKaX HaiICHBI
Ha puc. 2711.6. B omimuue OT Apyrux 3amad il ONpEAEICHUs ONOPHBIX Peakluil He
HCIIONB30BANICS BRIYHUCITUTENbHBIN Ook Given-Find. Beumy MHOrooOpasus BO3MOXHBIX
crcTeM OOILIEero pelleHHs sl HUX MOJYYHTh He ylaeTcsl. YpaBHEHHS PaBHOBECHs IIPOIIE
3anucaTh BPYYHYIO U BCTaBUTh UX B Pacyer.

BHUMAHUE

PaGotass ¢ »Toif mporpaMMoi, 3alMIIATE BPYYHYIO ypaBHECHHUS paBHOBECHS OalloK.
ITpoBepsTe 1 3aMEHUTE B MPOTpaMMe 3€JICHBIC BBIPAKEHNSI HA COOTBETCTBYIOIHE BaIlICH
3ajaye.

B rpy30BOM COCTOAHMM
FLj 5 HN1.Ls

Nl=— H2=—+— N1=333HH N2 = 25:H
154 Ly 1Ly =F L]
B eAMHW4HOM cocTosHum ana  AF_
L HN11.Ls
Hil=—— MN2l=—— HNIl1=05667 21 =035
1L b Ly L3+ 14
B €AMHWYHOM COCTOAHMM ANA B,
1 N12.L3 4 ¥
M2 = —— M2 = ——1 MNI2Z=3333nm MNiZ=25m
Li+1a Iz+14

Puc. 27I1.5. Onpenenenue ycunuil B CTep:KHE U NPYXKUHE UL TPy30BOI U €TUHUYHON CHUCTEM
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OnpeaeneHWe onNopHbIX peakyMid 6anok
B rpy30B0M COCTOAHMM

Ry =F-N1 Rp=NI1-N2 Ry = 16671 Rp = 0.833:H

B @AMHUYHOM cocTosHMM AnA - AF,

Ellg = 1-111 Ellg = N11-HN21 114 = 0333 Ellg = 0.167
E ¢eAMHWUYHOM COCTOAHMK ANA BD

RSN RIERONPENGE Ri12, = -3333m ) RI2p = 0833w

MaruSarowme MomMeHTEI Ha 4-X ydacTKax 2-x 6anok

OT EHelWHWXCKN OT eAUHWUYHOW CKUMbI F=1 ot eAMHWYHOMO MOMEeHTA M=1

Ep= Ellg-= Elig =
Nlx Hil= Wiz.x
M=) = WM11(x) = M12(x=) =
Epx Ellp=x T o || — rows(L)
N2 x N21x N22x j n=4

Puc. 2711.6. OnpeneneHue ONOpHBIX PEAKIUIA U U3THOAIOIINX MOMEHTOB JJIs IPY30BOH M €AMHUYHBIX
CHUCTEM

HO[[CT&BI/IB Haﬁ[leHHLIG ycuisd B HHTCrpal Mopa HaxXouM HCKOMbBIC MNEPEMCIICHUI

AF,,, n 6p. Ha puc. 27I1.7 mokasaHo onpejaeieHne STuX nepemeruenuit. Tam xe

HalACHO MaKCUMAaJIbHOE HamnpsHKEHUEC B 0ajKax CUCTEMBI.

CTaTU4eCKoe NepemMeLlleHMe TOYKKM NPUNOXKeHMA CUNbI MBEpT

fn Ly
. NNl N2XNei o Z M) MIG)

2 Ap=319%um
Enp E-A ET
k=1 g
onpeaeneHWe yrna nosopoTta sagaHHoi Toukm D Bp,
1M1z W22z £ g M=) M12(=)
2 D EJ DirERRe
k=1 v
MakKCHMManbHoe HanpAXeHWe B Bankax
gl M
maxhl = rmax maxs = st maxd = 125MTIa
Ep Lz WA

Puc. 27I1.7. Onpenenenue nepeMenieH!ii CUCTEMbI U3 HECKOJIBKHX JJIEMEHTOB

Hano ckazatb, 4To pacdeTsl B 3TOM NpUMeEpe MpocThle M wucrnosb3oBanue Mathcad
HEeo0s3aTeNbHO. YHHUBEPCAIBHYIO IPOTpaMMy JUIS pacdeTa CIOXKHBIX CHCTEM COCTaBHTh
HEBO3MOXHO BBHIY MHOT000pa3usi BapuaHTOB HaOopa 3;1eMeHTOB. PacdeTsl mpocTsie, HO
MX o4eHb MHOro. TakuMm ke 00pa3oMm, pa3duBasi CHCTEMY Ha 3JIEMEHTHI, MO’KHO PEIINTh U
CTaTHYECKH HEOMPEACINMYIO CHCTEMY, HO OOBEM pacueToB INPH 3TOM 3HAYUTENBHO
BO3pacTerT.
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[Mpumep 28. PackpbiTne ctatnyeckom
HeonpeaenMMOCTU NIIOCKON paMbl.

(Mporpamma 28-energ2.mcd)

3amana wiockas pama (puc. 28I1.1 cieBa), cocTosInas 13 ABYX MPSIMOJUHEHHBIX U OIHOTO
KPUBOJIMHEWHOTO yyacTka. Pama Tpu pa3a cTaTnyecku Heonpeaenuma.

OTOpOoCHB TPaBYIO 33J€TKy, MOMy4YaeM CTAaTHYCCKH ONPEACTHMYI0 OCHOBHYIO CUCTEMY.
Harpy3um 0CHOBHYIO CHCTEMY BCEMU BHEITHHMU CriiaMu. J[efiCTBHE OTOPOIICHHBIX CBs3EH

3aMEHseM HEHM3BECTHBIMH cunamMu X, X5, X3, MOIydaeM OSKBHBAICHTHYIO CHCTEMY

(puc. 28I1. cipasa).
CurcremMa KaHOHUYECKHUX YPaBHEHHI METO/a CHIT JUTsl TP pa3a CTATUYCCKU HEOPEACTUMOI
CHUCTEMBI UMCCT BU]JL

X011 + X301, + X363 +Ajp =0

X1521 + X2522 + X3523 +A2|: == 0 .

X031+ X035 + X3033 + Az =0

Jus  BRIYHCIEHUS KOX(PQPHUIMEHTOB IOAATINBOCTU 5i j " MEePEMEILIEHUN OCHOBHOU

CHCTEMBl OT BHEIIHUX CHJI HapucyeM 4 BCIOMOTaTeIbHBIX CHCTEMBI. TIPY30BYIO,
HATrpy>XCHHYIO TOJbKO BHemHUMHU cuiamu (puc. 28I1.2 cnesa), M 3 eNUHUYHBIE CHCTEMEI,
KaX/as U3 KOTOPBIX HArpY)KCHA OJHOM eOUHCTBeHHOH emuuuuHoi cuwiaoii X; =1. Ha

puc. 28I1.2 cpaBa Bce TpHU SANHUYHBIE CHCTEMBI OOBEMHEHBI B OJJHY CXEMY.

<4

x 1
/ o4 ~— X,

3ajaHHasa cuctema JKBMBANEHTHaA cucTema

Puc. 28I1.1. 3agannas cucreMa 1 SKBUBaJICHTHAs € cucreMa

3 eAWHWYHble CUCTEMbI

rpysoBas cuctema

Puc. 28I1.2. I'py3oBast cucrema 1 3 eAMHUYHBIC CUCTEMBI Ha OJJHOM cxeme

Ha kaxxiom ydacTke BEIOMpaeM MPOU3BOIILHOE ceueHue. [1omokeHne BRIOpaHHBIX CEUCHUH
OTMEYacM KOOpIUHATAMH X[, @5, X3 , CTPOIO OAMHAKOBO IS BCEX CHUCTEM.

UcxonHbie maHHBIE UIA pacdera npuBeneHbl Ha puc. 28[1.3. 3amaHbl pa3smepsl pambl,
Marepuai — craib (3agad Moxyiis IOura E ).
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PacyeT He3 yyeTa pasMepHocTed. Bee
BeNIM4UHBI BEEAEHbI B B KT M CM

McxogHEIe OaHHEIE 3a0aHel TNOBanEHD B KOHUE NPOrpanst

ONA pacyeTa He3 Harpy3oK '

EKMKOMHTE 3TH BbIpEHeHHA Mp:=0

4
J=10 cm MOMEHT MHEPLUKMK CE&YeHKA

n=>723 CTENEeHE CTATHUYECKOHA HeonpedeNHMOCTH
m=3 YUCNO YYaCTEOR

p - PASKYC KPMBHEHEI (ON1R NPAMBL yaCTKOB p=1 )
k=1 m pr =1 pz=pn

TemMnepaTypHoe pacluMpeHne
2 ppgo-it MO HENPAENSHKKD <1
ALy = | (a—b) oAt MO HENPAEBNEHMKD X2

0 Mo HaNPaBneHK #3
Puc. 28I1.3. McxoaHple naHHBIC IS pacyeTa MIOCKOW paMbl

Pacuer Benercst 6e3 MCIOIB30BaHUS Pa3MEPHOCTEH. DTO CBA3aHO C TEM, YTO HEKOTOPHIC
MaTpHLBl, MCIOJNB3yeMbIe B XOJE pacyera, COAEp)KaT WIeHbl pa3HOil pPa3MEepHOCTH,
HampuMmep, cwibl U mapbl cwi. Mathcad cumtaer 3to ommbOkoit. [lanee B mporpamme
Pa3MEpHOCTH BIIMCAHBI OT PYKHU IPOCTO VISl CHPABKH.

KpOMe BHCIIHUX HArpy3oK Ha NEPEMECIICHUA CUCTEMBI BJIIUAIOT MPUPAICHUE TEMIICPATYPhI
U MOHTaKHas owmmubka mpu cOopke. 3amaHsl mpupamieHne Temmeparypsl Al u
ko3 uIMeHT JNTHHEWHOrO pacuIMpeHus «, MOHTaXHas oOmuOKa mnpu cOOpKe Mo

HampaBlICHAAM IeicTBus X; X, . ONpenemsiorcss MepeMeIeHnsl OCHOBHOM CHCTEMBI
oA AeficTBHeM mpupalieHus Temmeparypsl ALy

W3srubaromye MOMEHTBI OT JICWCTBUS BHEIIHMX CHJ 3allMCaHbl B BHJEC BEKTOpa
(puc. 2811.4). Usrubaroniyie MOMEHTBI OT JCHCTBUS CAMHUYHBIX CHII Xi =1 3amucanHbl B

BHJIE MaTpPHULE pa3MEPHOCTbI0O M XN, rie N — CTeneHb CTaTUYECKON HEONpPEeaeIMMOCTH,
M — YKCII0 YYAaCTKOB OCHOBHOM CUCTEMBI.

H3arnbaroLyme MOMeHTbI OT EHeLUHWX HarnbaroLme MOMEHTbI OT eJMHUYHBIX
pias 0 cun
b4 0 1
. 2 ( 2:, .
Mp(x) = | —F-posn(El +qpp \1- cos(x) Ml(x) = | b+ posmiz) pg(l—ces(z) 1
2 o :
F-X+(q-2-pn )—Mn bsa i 1
ko3thhUMUMEHTBI NOAATAMEBOCTH = 1.1 j=1.n
i Lk 5 o _ 1 2 3
8 1= Z Ol M 5= [1] 136103] 56410-4] 589103
o] EJ 2| s6410-3] 4.3610-4] 257105
k=1 0 3| sas10-%| 257105 307108
= * MrGi M) :
FLE) Elk 1 102
ME = : — T Ap=|1] 12310
2 Z = EJ N EYRTTErE:
k=1 0 7| 629102

PelleHWe cUCTEMbI KAHOHWYECKUX YPaBHEHWIA MeToAa CHUN

1
=] KT
5= E [Aprhira] 3o N 7219
( & Lt ) 2| 22662 KT
3 -T17A T

Puc. 28I1.4. PackpbiTHe CTATUYECKOH HEONPEISIIMMOCTH TUIOCKOW PaMbl METOJIOM CHII

Belpaskennst mis pacuera kKo3()(UIMEHTOB MOJATIMBOCTH M TEPEMENICHHH OT BHEUTHHX
CHJI 3aIIMCaHbl B IPOrpaMMe B COOTBETCTBHUH € (hOpMyIIaMu METOAa CHII. PsiioM BEIBEIICHBI
pe3yJIbTaThl UX pacueTa.

Bripaxennss wuHTerpama Mopa UId TpSMOJNWHEHHBIX W KPHUBOJIMHEWHBIX OpyCheB
OJITHAKOBEI
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MeM
A=[—F—ds.
. EJ
Ho s npsamonuneitnsix 6pycbes 0S = dX, s kpusonuneiineix ds = pd@ .

Jts emuHOO6pasys BEIpaxkeHuii B Mathcad 0603Ha9uM 311eMeHT JMHBL T060ro 6pyca OX .
Torma ans KpuBBIX OpycheB X =¢ — yrjoBas KOOpIMHAaTa, a B HHTerpaie Mopa

MOSIBIICTCS AOTIOJIHUTENILHBII MHOXKUTETD L .
dopmyiia osrygaeTcsi 00IIeH, eCv IS PSIMOIIMHERHBIX OPYCheB MOCTaBUTE P =1 .
B nameii 3agade BeKTOp 3Hau€HHMH O 3agaeTcs B MCXOAHBIX aaHHbBIX (puc. 28I1.3) u

BXOJIUT MHOXKUTENIEM B BBIpaXeHUs 7151 iepeMentiennii (puc. 2811.4).
CucremMa KaHOHHYECKHX YPAaBHCHHH METOJA CHJI PEHIAcTCs IMyTeM OOpAaICHUS MaTPHIIbI
K03 PUIMEHTOB NOIATIMBOCTH O .

X=6"A, e A=Ap+AL+A

PesynbraThl pacyeTa HEHM3BECTHBIX CHJI BBIBEJEHBl B UHCIEHHOM BHIE M B BHIE
3
Fa
K03 GUIHEHTOB pH OyKBEHHOM BBIpaXEHHUHU. B maHHOM ciydae E

MOHT *

MepemelweHWe TOYKKM A (yron NoEOpPOTA) _—

0% HETMOSKOWHE MOMEHTE

OT BAWHHIHORA CHMLI, x

MAG) = | 1| ppunosmerHoR B Touke A,
1] rhe Muwem nepemelleHue

1
Mg (0 = MF@K+ > (K M1k, i)

=1l

tm Ly
M4 s
Ba = Z Pl I:Mam(x,k):l-ﬂ dx 7

ET EAUHUNHAR CUCTEMA
=il i ana 0,

aTOT BeIpaHeHWs He paboTasT B Mathcad 11

Ly
m il

fa = Z Pk MF(X)k"‘Z (36 M1 @k, )

I

Ba = 0.08245deg (B rpagycax)

A=),
ET

Puc. 28I1.5. OnpenencHue nepeMenieHns OCKONW CTaTHYECKH HEOTIPEICINMOI paMbl

Ha pucynke 28I1.5 mokazaHo omnpeleneHne TNepeMelieH!s] 3aJaHHONM TOYKH A

SKBUBAJCHTHOM CHCTEMBI. I/I3r1/16a10u11/1e MOMEHTbBI OT CAMHHUYHOI'O MOMCHTa (}IJ'ISI

OTIpeNIeNIeHUsT yIila MOBOPOTA) Ompenessitorcss mo cxeme Ha puc. 28I1.5 . Msrubaromue

MOMEHTBl ~ JUIi  OKBUBAJICHTHOM  CHUCTEMBI  ONpPENCISAIOTCS MO dopmyne
n

M, =Mg +> X;M; u B Buge QyHKUMM MONB30BATENs MOACTABISIIOTCS B MHTETPAll
i=1

Mopa.

NPEAYNPEXOEHUE

B Bepcun Mathcad 11 Beipakenue unrerpana Mopa ¢ M 3anMCaHHBIM, KaK QyHKIHs

9KB

nonb3oBarenst He padoraer. HeoGXoquMo CKOMMpoBaTh pa3BepHyToe Bhipaxenue M, .

¥ TOAICTaBUTh ero noj uuterpan Bmecto M, (x, k) . B npensimymeii Bepcun Mathcad
2001i n B Mathcad 13 — 15 BeIpaxkeHHE TPOXOAUT HOPMAJIBHO.

UmncaoBo# pe3ynpTar Ajs yIiia IIOBOPOTa BEIBOJUTCA B paguaHax. UToObI EpeBECTH €ro B
rpaxycel, Hamo Brucath deg B TONE BBOJA PAa3sMEPHOCTH CIpaBa OT YUCIOBOTO

pe3yJbrara.
Jli1st mpoBepKy NPaBUIBHOCTH HAXOK/AEHHUS HEM3BECTHBIX CUJI OTIPEEIISIETCS IepeMeleH e
9KBUBAJICHTHOH CHUCTEMBI, B3ITO! NPH APYrOM pacKperuieHuH (ObuIa 3aieika ciieBa, Tenepb
3azenka crnpasa). CaMy SKBHBAJICHTHYIO CHCTEMY MOXKHO HE pHCOBaTb. BHyTpeHHHe
ycuIis B JFO0OI AKBHBAJICHTHOW CHCTEME NOJDKHBI OBITH OJMHAKOBBHI (Takue e, KaK B
3amaHHo# cucteme). OHN yxe HaineHs! (puc.2811.5).

HyXHO HapucoBaTh €IMHUYHYIO CHCTEMY IIpH HOBOM PacKpeIUICHHH, W ONpPEIeIHTh
ycwnust oT enumHW4HOM cuibl. Ha pucynke 28I1.6  HapmcOBaHBI OJHOBPEMEHHO TpHU
eIMHUYHBIC CWJIBI ISl ONpeleNieHHs TpexX NepeMemieHuid. Msrubaromume MOMEHTHI OT



K&KIOM €IMHUYHOU Ccuilbl oObenuHeHsl B oxny marpumy MB(X) (puc. 28I1.6) , uro

TI03BOJISIET B OJHOM MATEMATHYECKOM BBIDAKEHHH ONpEIeTHTh CPasy TPH MepeMeIeHHs.
KpuTepueM TpaBUIBHOCTH PEIIEHHs SBIAETCS PABEHCTBO HYJII0 BCEX MepEMEIIeHHi Mo
103 HaMpaBJIeHUSAM OTOPOIIEHHBIX CBA3EH.

AOMHHO DbITE Apenr =0 Apgym=0 8=0
a-b+x 2:0p 1

MB(x) = | 1.(a+ ppsin(®)) pg+pp-cos(®) 1

-x+a 0 1

EBo BCex Tpex cny4dany JomHO BeITe A=0

HeCMOTPA Ha APYToe PackpenneHus, KoopAHHETY X 3 BAVHUMHBIE CACTEMb

Bepem Ty e, UTO 1 B MCXORHED MOMEHTaxX AnA '_'1["95'9‘:'“”
Ji= Lot
- Ly . 0
MB (=)L
A= - Mgl + MG ) | —————de |[-AL —A; A=|0
j kz Pk F(R)k Z (M1 i) | — L. - &
= ]l =0 0

Puc. 28I1.6. IIpoBepka nmpaBUIBHOCTH PELICHUS 3aa4H

IIpu neficTBUM TONBKO BHEIIHHMX CHJI 3TOT KPUTEpUIl CHpaBeIJIUMB Bcernaa, NpH JTr00it
TEOMETPUH CUCTEMBI U JIIOOBIX COYETAHMSX HArpy30K

IIpu Bo3geWcTBUM mepenaia TEMIEpaTypbl U MOHTAXHBIX HMOTPEIIHOCTEH YKa3aHHBIN
KPUTEpPHH BBINOJIHAETCS HE BCErAa, YTO CBA3aHO, IO-BUAUMOMY, C TIOSBICHUEM
HEOIIPECIICHHBIX YITIOBBIX CMELICHUH, CONIPOBOXKAAOIUX JIMHEHHBIE CMEIICHHS B MECTaxX
oTOpoIIeHHbIX cBs3eil. CIO0XXHOCTH, CONPOBOXKIAIOIIME MPOBEPKY B OITHX CIydasx,
BBIXOZSIT 3@ paMKHU Kypca COIPOTHUBIICHUSI MAaTEPUAJIOB.

PexoMenayem mpu nposepke pemenus nonoxuts At=0u A, . =0.
HCXOLHEIE AaHHEIE
388aHs! mofansHo
pesynbTaThbl pacyeTa MpoBepka Tl
= KT
—72.186 0.012343 0
= 2 IS A= 0010442 e || g=4 Eh
CM
=717.0%8 0.000629 0
Mp =20 mrcm
x=0,002.1 g KT
E=210 2
4000 £
ANMHE! Y4ACTHOE
Mooz Ly, 1) 200 P bY a=10 cu
— Lel|qg| =20 cu
MBKB(X.LE’z) 0 o - A Fo= 10 cm
[——— - =
Wage (L3, 3) ——— | MOHTEHHbIA
= 0 rpagycos
== I — a —  2F=0 N 2830
a=12510" 2
A= =005 cm
=g 0.2 0.4 0.6 0.3
0

H

[oMEHARTE MCXOAHEIE AAHHEIE W NOCMOTRWTE DE3YNETATE pACYETA
Puc. 28I1.7. BeiBox pe3ynpTaToB pacuera
Jlis aHanmm3a pe3ysbTaToB pacdera peKOMEHIYyeM HCXOIHBIC NaHHBIE 3a/1aTh III00ATHHO B

KOHIIE MPOTPaMMBl, TaM K€ BBIBECTH PE3yJbTaThl pacuera M, MEHssl MCXOJIHbIC JaHHBIE,
HaOmonaTk pe3yipraTsl pacuera (puc. 2811.7).
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[Mpumep 29. Pacyet ognH pas ctaTuyecku
Heonpeaennmmon CUCTEMBI.

(Mporpamma 29-energ3.mcd)

B mpumepe 28 paccMOTpeH pacueT MPOYHOCTH TPHU pa3a CTATHUECKH HEONpeaeTruMoil
pambl I0J] JISHCTBHEM BHEIIHMX CHJI, U3MEHEHUS] TEMITEpaTypbl U MOHTaKHBIX OIIMOOK.
Pemrm ropasno 6oinee npoctyro 3agady.

PaccmoTpuM ofMH pa3 CTaTUUECKU HEONPENENUMYI0 paMy, HaXOISIIyOCs oM AeHCTBHEM
TONMBKO IBYX BHemHWX cui (puc. 2911.1). Kak Hu cTpaHHO, HO pacueT TakOW paMbl B
Mathcad cioxxHee, 4eM pacdeT TpH pasza CTaTHUECKH HeompeaeanMor pambl. OH TpeOyer
JOTIOJTHATEIBHOH KOPPEKTHPOBKU IPHBEJCHHON B JJIEKTPOHHOW KHHIE IPOrpamMmbl 28-
energ2. CucreMa KaHOHMYECKHX YPaBHEHHIl B 3TOM Cllydae BBIPOXKIACTCS B OMIHO
ypaBHEHHE, B KOTOPOM OCTA€TCs TOJIBKO OJHO HEN3BECTHOE BMECTO BEKTOPA HEM3BECTHBIX.
Mathcad He IpHHUMAET YHCIIO KaK MaTpHIly pa3MEpHOCTBIO 1 X 1, Mo3TOMY B IpOrpaMMy
MIPUAETCSI BHECTH N3MEHEHHMS, 3aMEHISI BEKTOP HEM3BECTHBIX CKAIIPOM (YHCIIOM).

3afaHHan pama JKBWBANEHTHAA CHCTEMaE

Fl1 Al F2
X F b4 ‘ b

E
A 7

3TOT pacyeT NOYTH aHANOMMYEH NpeAblayWLeny Tpumepy. OcobeHHoCTE
2afa4Yn B TOM, 4TO 3[eCk HEWZBECTHAA cHna odHa Xq. Mathcad He
NPEWMHWMAET Yrcno 1 kak matpuuy 11, nosTomy Bo Beex dhopmynax
npUXooHTCA YOpaTe MHAEKE NPk X;.

Puc. 2911.1. PacuerHas cxema pamsl

B nanHOM mpuMepe MokakeM Kak MCIOIb30BaTh ICKTPOHHYIO KHHUTY ISl PEIICHHS CBOUX
coOcTBeHHBIX 3anad. YToObl Mcnosibp3oBaTh Mathcad s peuienus 3amadu, HEOOXOAUMO
MpeABApUTEILHO OCHOBATE/IbHO NPOAYMATh PCIICHUC 3aJa4r U MMOJATOTOBUTL BPYUYHYIO BCC
HEOOXOAMMBIE pacyeTHblE CXeMbl (2 MX TYT MHOI0), ONPENCNIUTh PEaKIUH OHop H
BBIMMCATh YPAaBHEHUS M3TMOAIOIIMX MOMEHTOB JUISi BCEX YYacTKOB BCEX CHCTEM.
Homyctum, Bce 3T0 yke caenaHo. [IpucTynaeM K cOCTaBIeHUIO pacdeTHOH MPOrpaMMBl.
OTKpbIBaeM B DIEKTPOHHOH KHUTE mpumep 28 (PacyeT nnockon pambl METO40M Cun).
[IpocmaTpuBaemM npumep, NMPUKUABIBAs, KaK €ro MpHUCIIOCOONTH K Hamled 3amade. 3aTeM
KOIIMPYEM €ro IIEJTMKOM B CBOHM JIOKYMEHT, BBIPE3aEM CIIOBECHBIE MTOSCHEHUS U TIPHCTYIaeM
K TIpaBKe.

BBoauMm cBOoM uCXoaHBIE NaHHBIC. B mpenpinymieM mpuMmepe OHM BBEIECHBI TI00aIbHO
BHU3Y y Tpaduka. Oboiinemcs 6e3 rimobansHOro BBOAa (puc. 2911.2). JlumHuM i HAC
SBIISIETCSI PaJlyC KPUBU3HBI P, HEOOXOANMBIH 11 pacyeTa KpUBBIX OpycheB. Ho oH BxomuT
B (opmynbl mepeMemieHnii, u sydme 3TH (OpMyNsl HE Tporarb. s Bcex HpsSMBIX
Y4YacTKOB rojiaraeM p = 1.

B OonpmnHCTBE ciTydaeB HE TpeOyeTCsl yUHTHIBATh BO3JCHCTBHE U3MEHEHHUS TEMIIEPATYPBI
U TIOTPEIIHOCTH COOpKH, MO3TOMY pacyeT BBINONHACTCS Oe3 ydera TeMNepaTypHBIX U
MOHTXHBIX HamnpspkeHud. EcTh 1Ba croco0a HE y4YHTHIBaTh HX: BO-TIIEPBBIX, NPHHSITH
n3MeHeHne temnepatypsl Ar = 0 u MOHTaXHBIH 3a30p A = 0, BO-BTOPBIX, IPOCTO BEIPE3aTh
At u A u3 ypaBHeHusa merona cui (puc. 2911.3) u u3 BeIpakKeHUS NepeMeNIeHusT TOUKH A
(puc. 2911.4). Bee ocranpHOE OCTaBiIIeM HEM3MEHHBIM.

BBoguM cTemeHp cTaTH4ecKOW HeompeAenuMocTH 7 =1 W 4YHucIo ydacTkoB m =4
(cm. puc. 2911.2). BBoauM u3rubOarone MOMEHTBI Ui TPY30BOW M CAWHUYHOW CHCTEM
(puc. 2911.3). He 3a0ynpTe Bnmcarh CBOM M3rHOAONIME€ MOMEHTHI ISl €MHUYHON CHIIBI
IIPA ONPENEJICHUN TIEPEMELICHUs] TOYKH A W INPU HOBOM PAaCKPEIUIEHHH CHCTEMBI JUIS
MPOBEPKH NPaBHIBHOCTH perieHus 3axaun (puc. 2911.4 u 29I1.5). CMoTpuM pe3ysbTaThl
pacuera.
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30 JnuHE|
105 L= 30 | yuacTKOE . 5
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Harpyzkn s3anadsl mobankHo okono rpaduka pesyneTaTos paceTa

MOMEHT MHEDUWK CeNMeHWA parbl 3adaH TONBKS AnA

I'=Tcm HarMAAHOCTW Pac4eToB (AnameTp pamMel He M3BECTEH)

MoaroToBKa K peweHUD KaHOHWYeCKOro ypaBHEHUA MeTOAA CKUN

KaHOHWYeCKDS YoaBHEHWE METALA CHn X181 1+hy F=0

il 2= 1l CTENEHE CTATHYECKOR HEONPedelMMOCTH
m =4 HHCNo YYaCTHORB k=1.m

0 - PARMYC KpMBM3HI (ANA NpamMe yyacTkos p=1) pie= 1

Puc. 29I1.2. BBoa pa3MepHOCTEH U KCXOIHBIX JTAHHBIX IS pacueTa

M3rnGarowme MOMEHTBI HaruSaroWwme MOMeHThI
OT EHeLWHWX CN OT eAMHWYHBIX CHUN
Flx 0
F1{Li+x) -
sl S es | B
F1.(L+1z+L3) +F2L3 ~(Lz+1Ls)

ko3¢ pUUMEHTBI NOJATNMBOCTH = 1.1 j=1.n

o Lle() M1(x)
D 1M1k ]
Big= Y pp| ——e e 5[]
’ E7 TToms| H
k=1 0
z " Mp M1G)
F)k M1
Ae e N | .
Bl ok B N ryr:
= il D

PelleHWe KAHOHWYECKOTO YpaBHEeHHWA

=i
X==5 Ay X=181%H

Puc. 2911.3. BBox u3rubarouimx MOMEHTOB H ONPEICICHUE «JIUIITHEI» OMIOPHON peakinu X

4
[Ll & X:] warnbarwme MomMeHTbl 0T
MA(x) = BEPTUKANBHOI eAVHNYHOI
(Ll +Lz+ X) CHMbIl, NPUNOHEHHOR B ToYke A,

rae Mer NnepemMellsHe
I:Ll +Lz2+ L3:l AG Al P LU'

Mzrubaowme MOMEHTEI ANA 3KBMBANEHTHOW CUCTEMBI

1
Mg (,) = MEGK+ > (X M1,

=1

YOAreH MHOSKE X

MepemeweHWe TOYKKM A

Ly
11

1
b= > ek | | MrG@R+ Y (XM,
=l

1=1

MA K
EJ

bop = 0.032mm

Puc. 2911.4. OnpenencHue nepeMenieHus B TOUKe A4



MNpoBepka (packpenneHue cnpaBa) A0TKHO ObiTe  Bp = 0

— 1l E
A .

E =
106 La+Ls X
-

b4
0 T
4
LEGRS R-I:L3+x)

77 F=1
R{L3+Ly) = B
HEeCMOTPA Ha pyroe packpennerne, KoopauHaTy X A
fiepem Ty e, 4TO W B MCXOAHENX MOMEHTEX
1j=1.n
. Ly = yron NoBopoTa
ME (=) B ceveHnn B

= - Mpi=z)) + M) ) | ——— d=

> | ek F@k+ D (XML, = -

=il = il -

0 ynaneH MHIeKS npn X,

Puc. 2911.5. IIpoBepka MpaBUILHOCTHU PELICHUS

Y no6HbIi ANA aHanW3a BbIBOA pe3ynbTaToB pacyeTa
pesyNeTaTkl pacyeTa MpoBepka

X =181%4H bp=(-09823)mm A =10 x=0,002.1

Inkapkel My, ANA BCex 4-X yHaACTHOE

s

e, / MpoeepKa -

Mags (L. 1) e, MOMEHTEI Ha
: ¥ Mo aHuLEx

Mo (x°12.2) "‘(-... Y4acTHOB

e *te, pEBHEl

Mg (2 L3, 3) .

Mage (%Lg, 4 — Yoy
sssas L] e, T MMoBansHo
3afaHHkle
F2 = 101 EHelHWe
& CHME!
Y 0.2 04 06 0.3

X

MaMEHARTE Harpyakn F1 1 F2 W NOCMOTRUTE peayNeTaTEl pacdeTa

Puc.2911.6. PesynbraTel pacuera

Yame Bcero B pe3ysbTaTe pacuera TPeOyeTcs ONpPEAeUTh IPOYHBIE Pa3Mepbl CEUEHUS
paMbl. DTy 4acTh pacueTa Mpolle U ObICTpee BBIIOIHUTE BpyuHYI0. [TocMOTpeB Ha 3mtopsl
narudarommx MoMeHTOB (puc. 2911.6), HyKHO BBHIOpaTh OIlAaCHOE CEUYeHHE, BHIOPAThH
MaKCHMAJIbHOE G, U U3 YCIOBHS IPOYHOCTH HAMTH MPOYHBIE pa3Mephbl ceueHHs: pambl (B

HAIIeM CITy4Yac TUaMeTp).

Ecnu ecth BpeMs U O4€HB XOUETCS, TO MOXHO ONpPEICIUTh pa3Mepsl ceucHus B Mathcad.
B snexTpoHHO# KHHUre OTKpoiiTe nmpumep 26 (pacyeT NPOCTPaHCTBEHHOIO CTEPXHA Ha
CrnoxHoe conpoTueneHne). CkonupyiTe 3aKIFOYUTEIBHYIO YaCTh MPOTPAMMBI, TYHKTHI:
OnpepgeneHne mMakcumarnbHOro SKBMBANEHTHOrO HaMNpshkeHus 1 nogbop pasmepoB
CeYeHUs CTepXHHA W3 YCroBUA MNPOYHOCTU (puc. 2611.6). Bmecto MakcumaibHOTO
HAIpsDKeHUS HallIeM MakCUMaJlbHbI MOMEHT. [ToMeHsieM BO BceX BhIpakeHHsIX ¢ Ha M .
[MoamporpaMma, HCIONB3YIOIAs BHIYMCIUTENBHEIN 00K Given — Maximize, BeBomuT
MaKCHUMaJIbHBIE 3HAYCHHUS MOMEHTA Ha KaKIOM Y4acTKe M HAaUOOJBIIMKA M3 HHUX, KOTOPBI
MOMZET B pacyeT Ha MPOYHOCTb. Jlanee U3 ycioBus MPOYHOCTU HAXOAUM AUAMETP CEUCHHUS

pamsl (puc. 2911.7).
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DHPEAEHEHHE MaKCHMManbHoOro 2KEMBaNeHTHOND MOMEHTA

ki=1x=105 Given Om<x<Li  Xmax(l) = Maimize| My, %)

mazhd = | for ke l.. 4 5
H — Emaxlk) 5
ahdy = H
Wil i ] e
M1 & max(hd) 0.08
T
(M M1) maxhiy = 2Hu  mazhl = mazhiy

ONECHOS CeYeHMa B KOHLE 2-M0 yYacTKa
MoabGop pasMepoB ceYeHWA CTEPHHA M3 YCNOBWA NPOYHOCTH

Snon = 100.MITa AoNyCKasMoe HENPDAKEHWE

Di=1cm D :=root

~ Ggom.D D = 5342 1
0.1D

Puc. 291I1.7. Pacuet pambl Ha IPOYHOCTH

OOparute BHUMaHue: B IpuMepe 28 3a1ava pemanach 6e3 yuera pa3MepHOCTEH, a 3TOT
pUMep — ¢ yueToM pasMepHocteit. [lemo B ToM, uto Mathcad tpebyer, uToOBI IpH yueTe
pa3MepHOCTEN BCE AIIEMEHTHI MaTPHI] IMEJIN OANHAKOBBIC Pa3MEPHOCTH.

B npeapiayimem npumMepe HEM3BECTHBIMU SIBJISUTUCH CHJIA U ITapa CHJI, IMEIOIINE Pa3HbIe
pasmepHOcTH. COOTBETCTBEHHO, M KO (PUIMEHTHI MOJATIMBOCTH UMEJIN Pa3HbIe
pasmepHocTH. OTCIO/Ia M 3alpeT Ha HCIok30BaHue pasMepHocteil. Mathcad Tpebyer,
YTOOBI Pa3MEPHOCTH BCEX IIEMEHTOB MaTPHIIbI ObUTH OAMHAKOBBIMY. B Hamem mpumepe
OJTHa HEM3BECTHAs CUJIA, COOTBETCTBEHHO, M Pa3MEPHOCTH BCEX AJIEMEHTOB BCEX MAaTPHIL
OJUHAKOBEIE.

B 1aHHOM KOHKPETHOM IpUMEpE pacyeT BHIMOJHIETCS ¢ Y4eTOM pa3MepHocTell. B o0iem
CJly4yae 3TOr0 HEJb3sl CAENaTh, TAK KaK HEM3BECTHBIMH B METO/IC CHJI SIBJISIFOTCS JIMHEHHBIC
W YIJIOBBIC IepeMenienust. Ecim BaM XoueTcst yKpacHTh CBOH pacdeT yueToM
pa3MepHOCTEMH, TO 3TO COBCEM HECIIOXKHO.

B snexTpoHHOI KHUTE BE3JIE, TJ€ 3TO BO3MOXKHO, PACUETHI BHIIOIHAIOTCS C yUYETOM
pa3mepHocTel. B nroboM nprMepe BbIIeINTE TPON3BOIHBIE PA3MEPHOCTH M IEPEHECUTE UX
B CBOI JOKyMeHT. VIcXo/iHbIe JaHHBIE B CBOEM JJOKyMEHTE YMHOXXbTE Ha BEIOpaHHYIO
MIPOU3BOIHYIO Pa3MEPHOCTb.

Ho Mathcad oTka3piBaeTcst BBIOIHITH pacueT. [Ipobiema 3akimoyaeTcs B rI100aIbHOM
MPUCBOSHUY YKMCIICHHBIX 3HaYCHU cun F'| u F,. Haunnas paboty ¢ nokymentom, Mathcad
MPOCMATPHUBAET BECh JOKYMEHT B MOUCKAX IJI00AIbHBIX IPUCBOCHUI 3HAUCHHA.
OOHapyxuB F| 1 F, ¢ HEM3BECTHBIMHU Pa3MEPHOCTSIMHU, OH YKa3bIBaeT Ha OIIUOKY, BEllb
MPOM3BOJIHBIC Pa3MEPHOCTH OH ellle He MpoynTasl. UTOOBI BEIMTH U3 3TOTO HOJIOKEHNS,
HYKHO YMHOXWTb 3Ha4€HUs /| ¥ [, Ha CTaHJapTHBIE Pa3MEPHOCTHU HA AHIIUNICKOM A3bIKE,
3aJ0)keHHbIe B anroputM Mathcad.

[IpocMoTpuTe pe3ynbTaThl pacyeTa u TaM, I/l Hajl0, BIHIINUTE B TIOJIE BBOAA PSAIOM C
YHCIOBBIMH OTBETAMH CBOU MPOU3BOJHBIC Pa3MEPHOCTH. /|11 OKOHYATEIBPHOTO YKPAIICHUS
JIOKyMEHTa IoALBeTnTe (POHOM HanboJsiee BasKHBIE ONIEPAaTOPbI, BBIOPaB B KOHTEKCTHOM
menro Properties » Highlight Region » Choose Color.
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[Mpumep 30. PacyeTt npocTpaHCTBEHHOM
cTaTU4YeCKN Heonpeaenmmon pamsbil.

(Mporpamma 30-energ4.mcd)

Jlnist 3a1aHHOM TATh pa3 CTaTUUECKH HEONPENeIMMON IPOCTPAHCTBEHHON paMbl TpeOyeTcst
PaCKpPBITh CTATUYCCKYIO HEOMPCACITIUMOCTDL U CACIAaTh NPOBCPKY NPaBUJIIBHOCTH PCIICHUA,
BHIOpaTh OIACHOE CEYSHHWE W ONpPENENHTh [UaMEeTp CTEepP)KHEH paMbl M3 YCIIOBHS
IIPOYHOCTH.

IIpocTpaHcTBeHHas pamMa UMeEET 4 B3aMMHO HMEPIEHANKYISIPHBIX ydacTka. OmopaMu pamel
SBISIIOTCS ClleBa — 3ajielIka, ClipaBa — cgepuyecKkas LIapHUpHAs OIOpa, BHU3Y — OChb
BpAIICHUS] BOKPYT TOPU30HTAIBHOM OCH, JOMYCKAaIOI[as IEPEMEIICHUE BJONb 3TOH OCH
(puc. 30I1.1 a).

B xadecTBe OCHOBHOW CHCTEMBI BBIOMpaeM paMmy c 3axenkoil cieBa. OtOpaceiBaeM
mapHupHBle omophl (puc. 30I1.1, 6). Ha sToM >ke pHCyHKE BBHIOpaHBI MPOM3BOJIHHBIC
CeUCHUs] Ha KaXKJIOM ydYacTKe M IOKa3aHbl ocu KoopauHaT. Och X Ha BCEX ydyacTKax
HAalpasJIeHa BJOJIb OCH CTEPKHSI.

B kaxnoMm BEIOpaHHOM CEUSHHM II0Ka3aHa IepBas 4eTBepTb. UTOOBI He 3amyTaTbCs CO
3HaKaMH, U3rHOAOIIEe MOMEHTBI, BBI3BIBAIOIINE PACTSDKCHNE B MIEPBON YETBEPTH CEUEHHUN
(Tme cxoasTCs MOJI0XKNUTEIbHBIEC HAMTPABICHHUS OCEH) CUMTAEM TTOJIOKUTEIbHBIMH.

JeiicTBue OTOpOUICHHBIX CBS3€H 3aMEHsEM HEW3BECTHBIMH CHJIAMH. OKBHBAJCHTHAS
CHCTeMa, HarpyXeHHas BCEMH BHEIIHUMH CHJIAMH M PEAKIHUSIMH OTOPOIICHHBIX CBS3CH,
nokasasa Ha puc. 30I1.1, B.

st onpeneneHus nepeMenieHni HCIONIb3YIOTCS TPy30Basi CHCTEMa, Harpy>XEHHass BCEMH
BHemHUMH cwiamu (puc. 30I1.1, r) u 5 enunnunbix cucteM (puc. 30I1.1, n), xaxnas u3
KOTOPBIX HArpy>eHa OJHOW eIMHCTBEHHOM crtoil X; =1.

OTHOEHAR CHETEME

INEMBENEH THER CHCTENE
n A

MPYaoBa R CUCTE WA ={a
Xy
5 EOMHNYHBX CHCTEM

Puc. 30I1.1. PacueTHble cXeMBbI A7 IPOCTPAHCTBEHHOM CTEPXKHEBOU CHCTEMBbL

Wcxonnbie naHHBIE as pacdera moka3anel Ha puc. 30I1.2. kpome BHENIHHWX HArpy3okK,
3aj1ano moBsimenne temmeparypsl At = 50 rpamycos.

Pama mpezacraBiser coOOW CTambHON CTEp)KEHb KPYTJIOTO IOMEPEYHOro cedeHms. s
MPOBEICHUS PAcUeTOB B Ka4deCTBE IIEPBOTO NPUOMIDKCHHS 3aJaH AUAMETp CTEpXKHS
d=1 cm.

B koHIIe pacuera 3HaUECHHE TUaMETpa ONPEEIISIETCS U3 YCIOBHS IIPOYHOCTH.

Kpome BHemHWX HAarpy30K W TOBBIIICHHUS TEMIEPaTyphl Ha HANPSKCHHUS B CTEPIKHIX

BIMSET M MOHT@XHas OIIMOKA Ipu cOOpke pambl A Bennuuny 3TOH MOHTa)KHOM

MOHT *
OLIMOKU MOYHO 33JIaTh [0 KXIOMY HampaBlieHH0 oTOpomeHHol cBs3u (puc. 30I1.11 —
riiobanbHOE 3aJaHNE TIEPEMEHHBIX BOJIH3H BBIBOJA PE3YIBTATOB Pacyera).

Ha puc. 30I1.3 ompeneneHbl TeOMETPHUECKHE XaPAKTEPUCTUKH TOMEPEUYHBIX CEYCHUH Ha
Ka&XJIOM Yy4acTKe pambl. XapakTepHUCTHKH 3TH MOTYT OBbITh Pa3IMYHBIMH JJIsI Pa3HbIX
Y4YacTKOB, B TOM YHCJIE M IEpEMEHHBIMU (B BHJE QyHKIUH OT X ).
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FacdeT He3yJyeTa pasmepHoCcTen
BEO/ YACEN B KM KGR

Ee s f awE o o

CI CI

InA pacdeTa Ge3 HarpyaoK
EHMHOYMTE 3TH BhIpEHEHKA

Bl e e e

n:=95 CTeNeHb CTATHYSCKOR HEONPELENHMOCTH
m =4 M“HCNo Yy4acTHOE

OcTansHee MCXOOHELIE JaHHEE 3a08Hks
MoBaneHo B KOHLE Nporpaml

Puc. 30I1.2. MicxonHble faHHbIE Ul pacyeTa MPOCTPAHCTBEHHOMN CTEPKHEBOM CUCTEMBbI

2 4 4
4 & 32
nnowann MOMEHTEI
CEYEHHA MHEDLIAW
AL In T J ”
Ah nI1
A = = = E
AL In T T
E
Ab I I1
Puc. 30I1.3. 'eomeTprueckue XapakTepUCTUKU CEUCHUH
TerMNepaTypHoe HErHBaoWKMe MOMEHTEI OT BHELWHMX CHI
PACILMDEHHE
. . [0 0 0
oAt (Lg + Ly
0 0 0
0
X2
Al ce-dt-L3 Mp(x) = | My o 0
ol ATy
2
(La)
L oMt Ly 1 ] —Pl-x—q-T Fox— M
HSI’H@EI—OLLLHB MOMEHTEI OT eJWHWYHBX TN
o0 0 oo 0 0 ] ]
o0 0 o0 -x o -= 0
e P 2(x) nin = 3 = L; o
0Lz 0 b 0 Sllg— = 0 -Lz-=x 0
My (x)
o 0o 0 -z 0
M3 (=)
o0 o 0 o0
i= M i= M=) = | M
Ma(x) 5 5(x] 00 -L (=) 3(x)
Iz 0 x =l == 0 Ma(x)
Ms(x)

Puc. 30I1.4. MOMEHTHI OT BHEIITHUX U €AUHAYHBIX CHJI

O6parure BHMManue, yro moayiab IOnra E 3aman B Buae BekTOpa M3 Tpex 3HAYEHUM
G,E,E . Caenano 310 115 equH0o06pasus BhIpaXKEHUH nHTerpana Mopa npu KpydeHHd 1
npu usrube. [Ipu kpydeHun (BOkpyr ocu X) B 3HameHarene (OPMYIbl CTOUT MOIYJIb
casura G, npu usrube moayns FOnra E .

Ha pucynxe 30I1.4 npuBeaeHbl BHYTPEHHHE YCHINS OT BHEINHUX il M g (X) u ycmmust ot

KaX10ii U3 matn enuHugHbX et M;(X) B Bume mMarpui. [lepBbie CTONOLBI ITHX MATPHII
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NPE/ACTABISIIOT CO00H KpyTSIIMEe MOMEHTHI (BOKPYT OCH X ), BTOpBIE CTOJOIBI —
I/ISFI/I63.IOIHI/I€ MOMCHTBI BOKpPYTI' OCH y U TPETbU CTOJ'IGLII)I — 1/13r1/16a}01une MOMCHTBI
BOKpYT ocH Z.

[IpononbHEIMK ycHIIMSIMH B pacyerax IpeHeOperaem. PemeHue 3Toi 3ajaun ¢ yyeToMm
MPOJIOJBHBIX YCHJIMH TOKa3aio, YTO MEepeMEIIeHHs OT MPOJIOJIbHBIX YCHIMH NMPUMEPHO B
TBICSIYY Pa3 MEHbIIE, YeM OT H3rHOaloUMX WIN KPyTAmUX MOMeHToB. K ToMy ke mpu
ydeTe TNPOAOJBHBIX YCWIMH KaXIblii MHTErpad Mopa NpUXOIUTCS 3aIiChIBaTh B BHJIC
YeThIpeX CllaraeMbIX, M 33/1a4a TepseT CBOIO KPATKOCTh U JIETaHTHOCTb.

Jns yHuBepcanbHOCTH (DOPMYJI W KpaTKOCTH 3allUCH QJITOPUTMa pEIICHHs 3a7adu
MOMEHTBI OT BCeX IITH emuHmuHblXx cuai M;(X) obwsemumenst B Bextop MI(X),
TIPEICTaBIIOMUN co00M aHaJIOr TPEXMEPHOTo MaccwBa. KaXIplii WieH 3TOTO BEKTopa
SIBJISIETCSL MATPULICH.

Ha Tom xe pucynke 30I1.4 BBepXy npuBEAEHBI TEPEMEIICHIUS TOUEK MPIIIOKEHHS PEaKIui
OTOPOILICHHBIX CBs3¢il B HANpPaBICHWH 3THX PEaKUMil MpH HarpeBaHHH pambl Ha At
TpaxycosB.

Ha pucynke 30I1.5 mpuBenensr oOmme (GOpMyNbl Ui OmpeneneHuss Kod(QpQHIHESHTOB
MOJIATIINBOCTH 5i, jU NCPEMCIICHNIT OT BHELIHAX CHII Agj. Kaxnoe BblpaxeHue

IpeACTaBIsieT coboi cymmy m3 12 mHTerpanoB (o 4-M y4JacTKaM W 110 TPEM YCHIIHAM

MMy, M,).

0.367 0 -0.413 0 -0.138
0 1.013 0 -0.61% 0321
& =|-0413 0 0.547 0 0,183

m
i, = Z

L
5[ [Ml(x)i:lk,jj-(l\{[l(x)j)k,jj

BTk
k=1 ji=1J, P 0 0619 0 0527 -0321
~0138 0321 0183 —-0.321 0394
23377
Ly =
m 3 MrGok (M1, | Ge6t
Ap, = Z z T = dx Ap=| 26585
k=1 ji=1J, Ul 2292
10.084
PeweHne cUCTeMBI KAHOHMUYE CKUX 60142
YPaBHeHWA MeToAa CUN g
-1 .
Xo=-8 (Ap+ALi-4) X=| 3195
~16.428
~19.205

Puc. 30I1.5. Onpenenenne HEM3BECTHBIX PEAKIMI OTOPOIIEHHBIX CBSI3eH

Tam e MpPHUBEICHO pelIeHHe CHUCTEMbl KaHOHHYECKHX YpPaBHEHMH B MaTpPUYHOM BHJE
X==6"A, rne A=Ap +A +A
Jnst mpoBEepKM NPaBHIBHOCTH pPELIEHHs BBIOMpPAaeM JpPYryl0 OCHOBHYIO CHCTEMY —
ybupaem 3anenky cieBa. Ho B 3amenke 6 cBs3eil, a oTOpOCHTH Halo TOJNBKO 5 CBs3eil,
ITO3TOMY OCTaBIIsieM OfHY (J1t00yI0) U3 3TuX cBszelt (puc. 30I1.6).

ITpoBepka COCTOMT B OMpelcicHUU IepeMeineHnii A orOpolneHHbIX cBs3eit. [lo BceM
STHM HaIpaBJIeHUsIM TOKHO O6ITh A =0 .

B kadecTBe ycuiMii OT BHEIIHUX CHJI HCHOJIb3YEM MOMEHTBI ISl 3KBUBAIEHTHON CHCTEMBI,
npeacrasieHHble Ha puc. 30I1.7 kak cymMMa yCUIIMI OT BHELIIHUX CHUJI M OT YK€ HalJIEHHBIX
peaxmyii OTOPOIICHHBIX CBA3CH.

UroObl ONpEenenuTh yCHWIINS OT €AWHWYHOW CWIIBI, HAJO0 BHAYaJe OMNPENECNUTH OIOpPHBIC
peakuuu B HOBOH eamHu4HO# cucteme (puc. 30I1.6). OHH OmpeAensioTcs ¢ MOMOIIBIO
BBIYHCIHTEIBHOTO O70Ka given-find, B KoTopblil mocTaBieHbl 6 ypaBHEHHUI paBHOBECHS
eauHu4HOM cucteMbl. C y4eToM HaWJEHHBIX peakIUi 3alucaHbl YCUIHS OT €IUHUYHOIM

cunet M 5 (X) .

MOHT *
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HECMOTPA Ha APYTOe PACKDENNeHWe, KODDAWHATY X
Bepem Ty e, YTO U B MCXOOHBIX MOMBHTEX

i=1.6 Ry:=1 Ha4yaneHoe NprineeHms
OnpejensHie onopHbIX PeakUmi B eIMHWYHOR cHcTemMe

Given 1L3-BRsLi=0  RgL3+RsLz=0 1{Lz+L4)-RsLz=0

2AWHUYHEA CHOTEMA Ri—-Rg=0 Ra-E4+1=0 Ri+Rs=0 R = Find(E) E;=
ANA NPOEERKK o
MarkBakallre MoMeHTbI 0 —Rs5x 0 15

0T 8AMHWUHHOR CHMkl, 14

MPUICHEHHOH B TOMKE A, 0 -E3x -Eax 25

roe wwem nepemelenne Malx = 15

114 Re(La-x) -1(L3-x) | =
0 0 -1({L4-x)

Puc. 30I1.6. OrpenesnieHue OMOpHBIX PEAKIUI IPH HOBOM 3aKpPEIUICHUN CUCTEMBI

1
Ma(.k, ) = MEGK, 5+ ) [ % {M1G1) ] FE3
i=1 He wheT B mathcad 11

Brmecto MaKB B BbIpEHeHWe ONA Ay DoCTaENAEM EMo pasEepHYTOE BHpPaKeHHE

Ly
3 n

Mr@k i+ [ %M@ )
1 n= il

Ma (D j
EjJie, 3

m
&AZ= Z

="

dx+&l¢4+:‘_\.4 Eaesh

Puc. 30I1.7. [IpoBepka npaBUIbHOCTY PELICHUS 3a/1a4l

Janee ¢ nomomplo uHTerpasa Mopa ompenensiercss HCKOMOE IepeMemenue A p
(puc. 30I1.7).
Kak u B muiockoi 3amade Ipu TNPOBEPKE PEKOMEHIYETCS IOJIOKUTh PABHBIMHM HYJIO
MepeMeIIeHnss OT TEeMIIepaTypsl M OT MOHT@XHBIX HeTouHocTed. IIpm mpaBuibHO
3aIICaHHBIX MOMEHTAX OT CHJI IIpoBepka Beerna gaetr A, =0.
s pacyera paMbl Ha MPOYHOCTH Aajee IOCTPOCHBI AIIOPHI KPYTAIIMX M M3rHOAIOIMINX
MOMEHTOB B JByX IuiockocTsx (puc. 30I1.8). ITomensiite HoMep y4yacTka M MOCMOTpHUTE
BUJI SIIOP BHYTPEHHUX YCUJIMH Ha Pa3IMYHbIX y4acTKax.

BHyTpeHHWe YCUNKMA B CTEPKHAX pamMbl
Mz, ) = Wlggg (e, ke, 1)

x=0,01.1
Mlyiz, e = Mogg (2, bk, 2) M, k) = My (22, Ide, 3)
400 T
’.-' kk =3
-,
J Mgl NoMEHARTE HoMSP |k
200 T e anemMeHTa, ANA KoToporo
- BLIEOAATCA 3MopkI
Mz Lige, k) m,"’ A p
= b -1 i
MY(X-ka,kk) 0 L "-' s
- - -
MZ(X-ka,kk) .P":: ,'
-200
‘-_ ..'
4o 30 20 1a 0
2Ly

Prc.3011.8. Dmopsl MOMeHTOB s yuactka K

}lanee AJId IOACTAHOBKH B YCJIOBHUE HNPOYHOCTU OHNPECACTANOTCA PAaCHYCTHBIC MOMCHTLHI B

. . 2 2 2
COOTBETCTBMM ¢  TpeThell rumnortesoif mpounoctn M., = \/ M +M,"+M,

(puc. 30T1.9) crpositest rpadukn M ¢, (X) 1 Beex 4-X yqacTkoB.



Beibop onacHoro ce4eHWA k=1.m =z:=0,002.1

Z 2 Z
112 Mpacq(x,k) i= \/Mk(x,k) + My(x,k) + M, k)
FPacyeTHela HanpEKeHWA Mo AnNkHe BCeX 4.y YYECTKOB
600
Mpacul(z-Ly, 1)
pacy .
400 ™ s
Mpacu(x-Lz,2) \
Mpacu(x-L3.3)
Mpacq(X'L4,4) A0 J
- . J
D '...'..."°"‘o-oa..
0.3 0.6 0.4 0.2 0
H

Puc. 3011.9. MI3MeHeHne pacueTHBIX MOMEHTOB TI0 JUTHHE BCEX yUacTKOB

C nomowpio pyHkuun maximize ompezensercs makcumanbHoe suauenue M., (X),

KOTOpOE IOJICTaBIsAeTCs B yciioBue npodnoctH (puc. 30I1.10).

Hu onna Bctpoennas ¢pynkius Mathcad He MoxeT onpenenuTts 3KcTpeMyM (YHKIHH CO
CKauKaMH ¥ pa3pbiBaMu. Eciim MakcHMyM HampspKeHHUS ONpEersieTcsl Ha KaXKIOM Y4acTKe
OTAEIBHO W paspbiBa (PYHKIMHM TaM HET, TO C TAaKOW 3ajadyell YCIIEIIHO CHpaBIsSETCS

dynkums  Maximize. [na onpeaenenus max M., HCIONb30BaHA NOANPOrpamMma

max M , KoTopas omnpenenseT MakCUMAJIbHOE HAaIpsDKEHHE Ha KaXIOM Yy4YacTKe H
BBIOMpaeT U3 HUX OoJbIIee.

DHPEAEHEHHE MaKCHMManbHOro 3KBMBAaNeHTHONO MOMeHTA

k=1x=014 05 Gwen 0<x=<ly ¥max(k) = Mazimize( Mpacu, )
maxtd = | for kel. 4 294 11
B < Fmax () 64.24
aM] =
Mic ¢ Mpaca (s, k) P50 T | 405 63
M1 < maz(M) 383.06
ik
(M 11) maxhly = 429 mashl = maxhiy

ONACHOS CEYEHME B KOHLE 2-T0 yYacTKa
MoaGop pasMepoBs ceveHWA CTEPHHA M3 YCNOBWA NPOYHOCTH

Cnon = 1000 AomyckaemMoe HanpaHeHe

Bt I = root

~ Gpom,D D= 1624
0.1D

Puc. 30I1.10. Onpenenerrne MaKCUMaJIbHOTO PACYETHOIO MOMEHTA U TMaMeTpa CTepPIKHEH

W3 ycnoBusi MpOYHOCTH C IMOMOLIBIO (YHKIMU OOt ompenessieTcss AMaMeTp CTepiKHel
paMsbl.
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MorEHARTE MCXOOHEIE LAHHEIS W NOCMOTRWTE HA PEYNETATEl pacqeTa

At=0 TPEAYCOB Fi=20m Fy=30 g=4 —  Mp= 100 mem
CM

MOHTZHHEIA AnameTp
AMMHE 3330p CTepHHA PesyneTarsl pacieTta
YHACTHOB - 60,142
- 0 d=1 cm 23377
0.0 Aomyckaemoe 3667 G
20 HANPAHEHWE =
T 30 da | & T A =| 263585 e Sl Mpoeepka
i 0 Sgon = 1000 2 5 500 -16.428 . .
o d ==
0. 10.084 Lot
C 0005 1 [EEE NoMeHAARTe HoMep K anemeHTa, malpaee = 4286 e D = 1624 cu
EE AR = ANA KOTOROMD BEIBOAATCA 3MKPEI
400 = 600
”
/”
’f
200 -7 Mpacu(z-Li. 1)
Mi{zLic ) Pt 400 77
— e Mpace(x L7, 2) s, o e
My(xlel) [ - R ’/
araa ‘_," . Mpacq(x Ls, 3) ;’\\
Ead -
Mz(X'Lk,k) g ..' ._.- - i ‘.l o
i i K Wpacu(z L, 4) 7 N
-200 - ¥ L 4 %_—a"
R ."
005 20 10 i o 18 05 04 02 O
x-Ly bid

Puc. 11.45. BriBox pe3ynbratoB pacdera. MicxoqHble JaHHBIE 3aJaHBI TTI00aIBHO

Jnst ynobcTBa aHanu3a pe3yibTaToOB pacyeTa PEeKOMEHIYeTCs MCXOAHBIE NaHHBIE 3a7aTh
r100aJbHO B KOHIIE ITporpaMMbl. Tam jke BBIBECTH pe3yJibTaThl pacueTa. MeHsis HCXO/HbIe
JAaHHBIE, MOYKHO Cpa3y HaOIII0JaTh N3MEHEeHNE pe3ynbTaToB pacueta (puc. 30I1.11).
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Mpumep 31. PacyeT MHoronposneTHoun 6anku ¢
OOHOW 3a4enkon Ha uaruo.

(Mporpamma 31-n-opor1.mcd)

Paccmotpum pacuer MHOromposieTHol Ganku. [lomaraem, 4To Kakaast oropa HakJIaJbIBaeT
TOJBKO OAHY CBs3b. [l pacyera mMONOOHBIX OaJlOK HCIONB3YIOT YpaBHEHHE Tpex
MOMEHTOB. DTOM METO]] OCHOBaH Ha HCIIOJIb30BAHMH TaK HA3bIBAEMBIX TAOJMUYHBIX OAJIOK,
HepeMenIeHHs] KOTOPBIX ONPEAeaTcs 0 (opMyIIax, B3ATHIM U3 CIIPABOYHUKOB.

B nmanHOM mpuMepe Ui pacdeTa MHOTOIPOJISTHBIX OalloK HCIONB3yeM MeTox cuil. bes
UCIIOJNB30BAaHMS KOMIIBIOTEpPA PEIINTh MOAOOHYIO 3ajady Ui MHOTO pa3 CTAaTHYECKH
HEOIpeaenMBIX Oanmok HeBo3MOXkHO. Mathcad mo3BossieT CpaBHUTENBHO JIETKO PEIINTh
Takyto 3amaqy. Ha puc. 3111.1 m306paxena yciaoBHas cxeMa HarpyKeHHUS MHOTOIIPOJIETHON
0anku c 3aAeNKOH C OJHOrO KOHIA. YCIOBHOCTb CXEMBI COCTOUT B TOM, YTO KOJIUYECTBO
OTIOp MOXKET OBITh JIOOBIM, KOJIMYECTBO HArpy30K M BHUJ HAarpy30K TaKKe MOXET ObITh
JIOOBIM.

q
y . e
o |F i YITTTIT .
T T TIE
<« --=-F=-V
il a |
LI’“
ar
) »
a,
- bq ”
X
] -
L
|

Puc. 3111.1. YcnoBHasi cxeMa HArpysKeHHUs] MHOTONIPOJIETHOM 0aJIKu

HcxonHble naHHBIE K pacyeTy MHOTONIPOJETHOW Oanku mpuBeAeHH Ha puc. 3111.2.
Ceuennie Oanku cryneHdaroe, 3amaHo QyHkoueir J(X). 3aKOH HM3MEHEHUs] MOMEHTA
WMHEPLIUHU CEYECHUs] MOXKET OBbITh JIIOObIM. Ecim cedeHne mocTosiHHOE MO JUTMHE OaikH, TO
Jy4lle 3alucaTb MOMEHT WHEPIMHU KaK KOHCTAHTY, yJaluB napameTpsl ¢GyHKIuU. B sToM
Cilyyae MpOJIOKHTENBHOCTh pacdyeTa 3aMeTHO yMeHbIHTcs. [lonoxeHune omnop, Kak U UX
YHCIJIO, MOXKET OBITH JIFOOBIM.

Pemenne Ttakoil 3ajgauM METOJOM CHJI HECKOJIBKO YIPOINAETCs, TaK Kak He Hajo
OTIPENIENIATh PEAKIUu JJi1 TPYy30BOM M EIWHUYHBIX CHCTEM. B KauecTBe OCHOBHOI
CTaTUYCCKH ONPEACIMMON CHUCTEMbI BBIOMpaeM OajKy C 3aJejKOi, OTOPOCHB BCE
HIapHUPHBIE ONOpPBL. Harpy3uB OCHOBHYIO CHCTEMY BCEMH BHEIITHMMH CHIIAMH, TOIydYacM
rpy3oByto cucremy (puc. 31I1.3, cneBa). Uucio eqUHUYHBIX CHUCTEM paHO YHCIY
oTOpoIIeHHBIX orop. Kaxas equHuYHas cucTeMa Harpy»aeTcsl OJJHOM eJMHUYHON CHIIOH,
TIPIJTIOKEHHOM BMECTO OTOpOIIeHHOH cBs3w, (puc. 3111.3, cripasa).

BryTpeHHne ycwims B TPY30BOM CHCTEME OIPENEITIOTCS Takke, Kak B mpmmepe 11
(OnpepeneHne BHYTPEHHUX YCWUMUIA MNpU M3rMbe KOHCOMbHOW Ganku). Omopsl
TIOTIEPEYHOH CHIIBI M U3THOAIOIIero MOMEHTa IToKa3aHk! Ha puc. 3111.4.



3agaHHble Harpysku F, g, M M KoopaWHAaTBI TOYEK MX MPUMOMEeHUS

CocpeloToYeHHBIE CHUNBI pacnpedenedHHble HArpy3KA
115 | 1
7= o | 6.5 PE L . T 2
= ; F=|65|mu &) = — = ‘M = M
sl EEEE g )
—20) 9
napbl Ckn

3
L= [BJ-I{I‘IM Lt

1 = |(100.c) i 0

3
[m]'m E:=10°MIa Momyns KOHra

(8

=4
4 MOMEHT MHEPLMK
(500-:::»: ) f4«<x=8m cevyeHna Dankum

([ 100-01\&4)) otherwise
ONHA Bankm

L
nonowerme onop  Lpi=(0 2 4 6 8)°m L =10m %= O-M,ﬁ..L
tm = rowsI:LR)

Mow pacyeTe Banky MeTo4 ok CUMN OCHOBHAA
CHMCTErMA - Banka ¢ 3afenkoi cnpaea

CTeNeHs CTATHYECHKDH HeanpedeNMMOCTH n=m i —

Puc. 3111.2. McxoaHble naHHBIC JJIs1 pacdeTa MHOTOIIPOJICTHOM Oaliku

Iyt cheren
f e st CAMTIMMIERA CHETOM R

1 - [T, -
pu T . T ’

A
Y

&
A
Y

Puc. 3111.3. 'py30Bas ¥ oiHa U3 €IMHUYHBIX CUCTEM JAJIs pacyeTa MHOTOIPOJIETHON OaJIKi METOIOM
CHI

—Mez(L)
d Lre-Lra
Ep = -Qrgll)—Ra |Rp = 2640
QRAI:RA,X:I = RA-I:X = LR_A) QRB(RB,X:‘ = RB-[X = LRB)
Q@ = QralRa,x) + QrB[RE,x) + QF®) + Qq(x)

Bin: Rp = —28 450

OnpefeneHle pearumid
ANA MY30B0A CHCTEMBI

MzRAI:RA,x:I = RA-I:X— LRA:I- Xz LRA:l
MzRB[RB,X:I = RB-(x— LRB:l-(x = LRB)
P = Mepa(Ra,x) + Mrp[RE, ) + Mzm(x) + Mep(x) + Mg ()

3nwopbl nsrubaWweroMoMeHTa M NonNepeyYHOM CUNbI ANA rpy30BOW CUCTEMbI

41
L LrE
20— =
Q=) " i
®H
i
Mz(x) 0
kHm
¢ =20
il 1] 2 4 fi 3 10

=R



116

Puc. 31I1.4. Dmropbl H3rHOArOIIEro MOMEHTA H TIONEPEYHON CHITBI JJISl TPY30BOil CHCTEMBI

I/I3r1/16a}0ume MOMCEHTbI JIsd BCEX C€AMHHYHBIX CHCTEM 3allMCaHbl B BHIC (l)yHK]_II/II/l oT
koopauHatel LL otOpomenHoit omnoper (puc. 31I1.5). Ha stom jxe pucyHke naiee
NPUBENICHBI BBIPAXKEHHS JUIsl pacueTa Kod((UIMEHTOB IMONATIMBOCTH, PEIICHUE CHCTEMBI
KaHOHMYECKNX YpaBHEHHWH MeToJla CHJI IyTeM OOpalieHUs MaTpuIbl ITOJaTIHBOCTH.
Omiopa U3rndaOMUX MOMEHTOB JUIS SKBUBAJICHTHOM CHUCTEMBI KaK PE3yJbTaT pPEIICHHs
3a/a4yM nokaszana Ha puc. 3111.6.

Jnst mpoBepky TPaBWIBHOCTH PEUICHUs 3aJa4yu onpeneisirorcs: nepememienus A(LL) B
Mmecrax oTOpomeHHbIX cBszed (puc. 31I1.6). 3mece LL — BekTOop KOOpAMHAT
OTOpOIICHHBIX CBs3el. B pe3ynbTare BHIYMCICHUS OTPOMHOIO KOJIMYECTBA MHTETPAJIOB U
pelIeHUs] CUCTEMBl ypaBHEeHHMH HaOeraer Oojbmias ommOKka BbeyucineHuid. J[is ee
YMEHBIICHUS TIPUXOINUTCS YBEJIMYUTh TOYHOCTH pacdyeToB. (s 3TOro B IjIaBHOM MEHIO
Mathcad namo BeiGpate Tools » Worksheet options B mosne BBoma TOL BBectn

BenunHy 1077 BMECTO HCIIOJIB3YEMOi 10 YMOJYAHHIO 1073,
Ha puc. 3111.7 nokazan B ynpyroi JuHuu Oanku nocne aedopmanun. Kak BUIHO u3
3TOr0 PHCYHKa BO BCEX TOYKAX, IJIC OTOPOIICHBI CBSI3U, MPOTHO OAJIKM paBeH HYIIO, YTO

CBHJICTENBCTBYET O NMPABWIBHOCTH PELICHUS 3a7a4d. B kauecTBe HalOMHMHAHUS CIpaBa OT
rpaduka BBIBEJCH BEKTOp Lp — KOOpIMHATHI TOYEK, IJe OTOpOImIeHk! cBs3u. Paboras ¢

MIPUMEPOM, TTOMEHSNTE Harpy3KH Ha OaJKy, YHCIIO OIOp M UX ITOJIOKECHHE.
M3rnbalLLMe MOMEHTBI OT BHELWHWX CUN Ll (x)

nirnbarowme MomeHTbl M1 OT eAMHUYHBIX CcKMN
LL - KoopaMHATA TOYKKM NPUNCHEHWSA SOMHWYHOR CHNkl
MI(LL,%) = 1-(x—LL)(x > LL) i=1.n i

koadMUMEHTBI NOAATIMEOCTH

1.n

i 1 2 3 4 5
MI(LR_,x)-Ml[LR_,x) 1| 214 154 1.01| 058 014
= i ] s _ [ 154195 078 048] 045 M
1,1 = =
EIi= 3| 10| ore| os5| 032] 01| ¥H
1 4| 058 04s| 032 019 007
5 1 11| 0.07| 0.03
L At
(MF()) M1(Lr %) By
1 = £
R e R 2| 3rot|
i Eliz) 3| -9.2610°
1 4] -528100
5| -1.710°
PeweHKe cMCTEMbBI KAHOHMYECKMX YPaBHEHWMA MeTO4a cHn
=]l T
X=-8 A X = Lobe L e L e
1| 127| 7.38| 8.34| -6.53| -2.64
HMarubarowme momeHTEI ANA n

CHCTeMbI, JKBUBANEHTHOW 3a8aHHOW M, . (x) = Mp(x) + Z Xi-Ml[LR.,X)
i

1=1

Puc. 3111.5. PacueT MHOTONpoJIeTHOM OAJIKH € 32/1eJIKOH MeTOI0M CHJI
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b:d
nepemMeLleHUA ANA CUCTEMBI, JKEMBANEHTHOW 3a8aHHOH

MpoBepka (Nporvbel HanNKKM HA oNopax A0MKHbI BbITh PABHBI Hy M)

L, 1:=1.m
Moy (=) MI(LL, %)
A(LL) = 2 : A(1g) -
E (= = i

0 0048
3Ta oWwbka mMana |, Tak Kak Benuka -0.024
NOrpellHOCTE BeIMHCNEHHA -0.043
ANA yMeHEWEHWA NOMPEIUHOCTH BIMHCTEHWA -0.051
HysHHO YMEHBLWWTE NapameTh TOL=10--7 B MeH 0.00z2

Tools \ Worksheet options \Built-in-variables

Puc. 3111.6. IlpoBepka NpaBUJILHOCTH PelICHHUs 32124

LIM

L L
o= 0 —=xL K=l =l
30 30
Tlepememe A npH Hsrube
1
0
A () :
MM W w
iy
1]
— -2
-3
- i] 2 4 f 8
b

Puc. 3111.7. Yupyras JJMHHS MHOTOIIPOJICTHOI 0aJIKH

Ir
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[Mpumep 32. PacyeT MHOoronponeTHon barnku
Ha n3rnd.

(Mporpamma 32-n-opor2.mcd)

Ecnu y mMHoromposneTHOW Oanku HET 3aJejKM Ha OJHOM M3 €€ KOHIIOB, a €CTh TOJIBKO
LIapHUPHBIE OTOPHI, TO NMpH padoTte B Mathcad pacuer ctanoBHTCSI HeMHOTO ciokHee. J{i1s
IPy30BOH W BCeX EIMHUYHBIX CHUCTEM MOTPEOyeTCsl ONpPEAETATh OIOpHBIE pPEaKIHH.
VYcnoBHas cxema pacuera Takod Oankm rokazaHa Ha puc. 32[1.1. B xauectBe OCHOBHOM
CTaTHYECKH OTPEETUMON CHCTEMBI BO3bMEM OaiKy Ha IBYyX oropax. OcTaBisieM KpaiHue
JEeByl0 W TpaBylo omopsl. OcTanbHbIE OTOpachlBaéM M 3aMCHSEM HEWU3BECTHBIMH
peakiuamu  X;. I'py3oBag M onHa U3 €IMHMYHBIX CHCTEM IIOKa3aHbl Ha puc. 32I1.2.

Hcxonnble naHHbIE K pacdyeTy MpHUBeAeHHI Ha puc. 32I1.3.

y M q

— 0 |F [ITTiT
R TTTIY] X
< L
-q
ap
‘ LRi )
a
< Fa b
’ "
bq
S ”
X
- >
L

- .

Puc. 32I1.1. YcioBHas cxema Harpy>)KeHHs] MHOTOIIPOJIETHOH OaJku

I'pysoBasicucrema i- 51 eIMHUYHAs CHCTeMa
y M, a
i
I

LL F=1

o

W Ab
b—9

Y

- »

Puc. 32I1.2. PacueTHble cXeMbl JUIsi MHOTOIIPOJIETHOM 0aJIKN



3apaHHble Harpysku F, g, M M KOOpAWHATEI TOYEK MX MPUMOXKEHHA

CcocpeoTOoYeHHBIe CHNBI pacnpedensHHble Harpy3KK
119 B i

1 -5\ xH 2 6.5
F=|10|xH Lrp=|65|m q:= — Ly = ‘M Ly = M
= r):4
0 0
gpbl CK

3 5 InKHa Bankw L
= -Hn L= ‘M L=10m x=0m—. L
3 9.5 100

NONCHEHKE onop Epi=il 2 5 608 10)T-M 5 = il A MoOyNe KOHMa
m = rows[LR:l Ly = submatrix[LR,2,m— 1,1,1:]
Mon pacyeTe Bankk MeTodoM CHN OCHOBHAA
CHCTeMa - Banka Ha AByx onopax (kpainm) R4 = LR LRB=LR_
KOOPOMHATA OTEPOWEHHLIX CBAIEH LXT =(3 5 6 8)m
CTeNEHb CTATHYECKOA HEONPEOeMMMOCTH n=m-2 n=4

Tt = [100-01\&4) f0=2xz=4d4m
g MOMEHT MHERLIK
(500-01\& ) tf4<x=8m ceyeHa banku

[( 100-CM4):I otherwise

Puc. 32I1.3. McxonHble TaHHBIE K PACUETy MHOTOIIPOJICTHOM OaIKH

B npumepel2 (OnpepeneHne BHYTPEHHMX ycunmid B Banke Ha [OByX onopax)
OIOPHBIE PEAKIIUH ONPEAEISUINCEH C TIOMOIIBIO BRIUKCIUTENLHOrO 610Ka Given-Find. Ipu
pELICHUH JaHHOW 3aJa4d 3TOT OJIOK BBI3BIBACTCS THICSYM pa3 U BEIYHMCIICHUE POIOIDKACTCS
o4eHb noiro (6ombiie 5 MunyT). J{ist yckopeHust mporecca st permt BMecto 61oka Given-
Find BcraButh B mporpammy dopmyisl ajist onpeaenenus peakuuit (puc. 3211.4). Peakunun
JUTS TPY30BOW CHCTEMBI BBIUYHCIIIOTCS] TOJIBKO OOUH pas,. Tam ke Ha puc. 3211.4 mokasana
SMIOpa M3rHOAIOIMNX MOMEHTOB JJIsI IPY30BOH CHCTEMBI. a PeaKlHMU eIMHHYHON CHCTEMBI
MHOT'OKPAaTHO, MO3TOMY HX OmpeesieHue o)opMIICHO B BHIE MOANporpammel (puc. 32I1.5),
B KOTOPYIO BCTaBJICHBl KOHKpETHbIE (OPMYJIbI, MOJyYEHHBbIE MpPU IPeoOpa3oBaHUU
ypaBHCHHWII paBHOBecHsi Oankd 3ameHa BhIUHCIUTENbHOTO Onoka Given-Find wa
MIPUBEIECHHYIO MOANPOTPaMMYy IIPUBEIIO K YMEHBIICHUIO BPEMEHHU pacyeTa IPUMEPHO B CTO

pas.

M)
~ Lre-Lga
Ep = -Qrgll)—Ra |Rp = 2640
QRAI:RA,X:I = RA-I:X = LR_A) QRB(RB,X:‘ = RB-[X = LRB)
Q) = Qra[Ra,x) + QrB[RE,x) + QOF(®) + Qq(x]

R Ra = 28468 oo enenie peakUyi

LNA TPY30B0H CHCTeMBl

MzRAI:RA,x:I = RA-I:X— LRA:I- Xz LRA:l
MzRB[RB,X:I = RB-(x— LRB:l-(x = LRB)
P = Mepa(Ra,x) + Mrp[RE, ) + Mzm(x) + Mep(x) + Mg ()

3nwopbl nsrubaWweroMoMeHTa M NonNepeyYHOM CUNbI ANA rpy30BOW CUCTEMbI

40 :
L Lrg
20— =
Q=) " i
i
Mz(x) 0
kHm
¢ =20
il 1] 2 4 fi 3 10

=R
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Puc. 3211.4. BuyTpeHHue ycuius B Ipy30Boii cucreme

W3rubaloLlMe MOMEHTLI OT BHELHUX CUN  Mp(x) = M (x)

Hsruﬁammue MOMeHTbl ANA eAMHWUYHbIX CMCTEM

LL- KOORAWMHETA TOMKK NPHATHKEHUA e,[I,HHM'vIHOl-TI CHNBI

M1(Ra,Rp,LL,x) = Ra(x—Lra) (2= Lra) + BB (x- Lrg) {x = Lrg) + 1. (- LL) (x > LL)
MI(LL,x) = |Ra < SRR
Lre-Lra
Epe-1-Ega
M1(Ra,RE,LL,x)

KoahhMUMEHTRI NOAATAMBOCTH i

1]
i
=]

g
5
i
=]

L 1 2 |3 [ 4
Ml(LXi,X)-Ml(LXJ.,X) 1] oor| o[ ooe] oos|
8i,j= EIG) 8=[2] 01| 015] 015| 008 =
0 3| 008 o1a] oas[ 04
4| 005| oos| o1 oo7
IL, 1
(M) 141(Lx %) ] oat
g = L dx hp=[2| -pg| ™
: El& T a7
0 _
4] -nes

PelleHWe cMCTeMbI KAHOHMYECKUX YPaBHEHMIA MeTOAa CUN

-1 T
X=-6 Ap X = ! 2 |3 |4 1A
1 108 -168| 1238 | 1637

Puc. 3211.5. PacueT MHOIONpoJIeTHOM 0AJIKH METOI0M CHJI

[Tocne onpeneneHuss BHYTPEHHUX YCHIIMH C YUETOM PEaKLUH MOCIEAYIONE BbIYUCICHHS
MPOBOJATCS TakXke Kak B mpumepe 31 u npuBeaeHs! Ha puc. 32I1.5 — 3211.7.

HMarubarowme MomMeHTEI ANA n
CUCTeMbl, 3KBMBANEeHTHOM 3a0aHHOA M, (%) = Mp(x) + Z XiMl(LX.,X)
1

10

nepemeLlleHa ANA CUCTeMbl, IKBMBANEHTHOW 3a8aHHOKW

Mpoeepka (Npornbbl 6ankK Ha onopax A0MKHbI BbITh paBHbI HYNKO)

IL; 1=1.m
Magg () M1(LL %)
Bl = e
EIG) o
0 LT
1 0| nam

37a owWbka Mana |, TaK Kak ] 0018
BenWKa NOrpellHOCTE ELIYHCNEHUA Wl ' i
AnaA yMeHBWeHS NOrpelHaCTK -
BhIMMCNEHHA Hy#HO YMeHBWIWTE NapaMeTp 5 0.003
TOL=10--7 B meHio Tools | Worksheet L 0.007
options \Built-in-variables i 0

Puc. 32I1.6. Pe3yabTaThl pacueTa MHOTONPOJIETHOM a1k
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Ilepememe nua npu usrube
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=20
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Puc. 3211.7. IlpoBepka NpaBHJILHOCTH pacyeTa MHOTONPOJIETHOM 0aaIKHu

oA Oh Lh )



Mpumep 33. Nogbop pasmepoB ceveHUs
122 CXKaToro CTEePXKHS.

(Mporpamma 33-ustoi1.mcd)

JInst cTepsKHS KPYIJIOro MONEPEedYHoro ceueHus mamHoiM L = 2 M, HarpyskeHHOro cuioit
F =80 xH (puc. 33I1.1), TpebyeTcst onpeeNuTh JMaMETP CTEPIHKHS.

PacyeTHan cxema CTepXHA

=

HMcxoaHble paHHbIE

F=80H Oppp=100MIa L=2m ¢l:=056

0.7 HKO3DWUMEHT 3aKDENNeHWA CTEDHHA,
NoMeHARTe ero

L

Puc. 33I1.1. Cxema Harpy»XeHUsI CTCPIKHS

[TockonmbKy pa3Mepbl CeueHHs! CTEPXKHS HEM3BECTHBI, a 3HAYUT M THOKOCTb CTEp)KHA
A HeW3BECTHa, TO pacyeT BEIETCs HTEPAIHOHHBIM METOIOM.

WcxomHble AaHHBIE Ui pacueTa CTepkHs mpuBeneHbl Ha puc. 33I1.1. Ha puc. 3311 2
NPUBEACHBI CIIPABOYHBIC JaHHBIC: 3aBUCHMOCTD KO (UIIMEHTa CHIKEHUS JOIyCKaeMOIo

HANpPSOKEHUsT () OT TUOKOCTH cTepykust A . J[is aBTOMATH3aIMK pacyueTa BBeieHa QyHKIHs

MHTEPIOJISIMH U OCTPOeH rpaduk 3asucumoctd (@ ot A (puc. 3311.2).

TabnuyHble 3HAYEHUA KO3 thhMUMEHTA CHMKeHWA
AonycKaeMblX HaNpAXeHWA ¢ OT TMGKOCTH A

D=1 086 052 0s6 075 06 045 036 029 023 019 0.01)T
Ao=(0 20 40 &0 B0 100 120 140 1e0 180 200 1000)T

0 (x) = mterplespline(h @) A @ x) TAONMUA KO DHLMEHTOR
NpeobpazoBada B dyHELMKD

0.8
@ 0.6
PP
$(3) g4
0.2 \
0

0 Z0 40 A0 80O 100 120 140 160 180 200
A
Puc. 3311.2. 3aBucuMocTb KO3 dHIIHEHTAa CHUKEHUS 10ITyCKaeMOr0o HalpsKeHUust (P OT rubKocTH

crepxmst A .

B cnpapounukax mpusonstcs 3uauenus koddduumenta @ ain A < 200. Ha seskuit
ciyuait, B maccusbl naubix BeemeHo @ =0,01 mis A =1000,rak xak B x01€

MTEPALMOHHOTO TIpoliecca MoryT nosisthest 3Hauenus A >200. Ha rpaduke st10
3HAUCHHUE HE IIOKa3aHo.

[TockoabKy pacyer BBIIOJHAETCS MHOTOKPaTHO, OH O(OpPMJIEH B BHAE IPOrPaMMBbI
(puc. 3311.3), cocrosimeii u3 romosHOH mporpammbl D, BHYTpH KOTOpO#f MHOTOKpaTHO
BBI3BIBaeTCA Momporpamma O A onpenenenus muamerpa H rHOKOCTH CTEPIKHS.
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Mog6op pasmepoB ce4eHWA MeTO4OM
nocriefoBaTeNbHbIX NPUBNMXeHWIA

nognporpareda onpedensHMA

JHaMeTRa CTSRHHA FonoBHaA Nporpamma
anl¢) = |oy< ¢ Cnon D= |¢1< ¢1
F B2 0
i _
Gy 110
2- 1
G wnie 19201 00y
7 $1
4 P2 + ¢l
: 3 SRR
64
e
: T
T de— anle2)y
anl 2]z
T
o WL e
1 L
A 200 f A = 200 o1« $(n)
d b ¢1
A-nt ddj —d
ARj < A
PaSMepHOCTM B BbIXOOHBX ar
MaCCHBEX Nporparme BelpaBHEHEB] [¢,¢ A ﬁ]
I

Puc. 33I1.3. IIporpaMMma pacuera AuaMeTpa CKaToro CTEPIKHS

B Hauvase ronoBHOH mporpaMmbl BBEAEHBI 3HAUCHUs KO3 QUIMEHTa () B Havaje §01 , B
KOHIIE MTEpAlMU (P2 W CYETUMK 4YMCNIa WTepauuii | . B Hamem pacuere s mepBoi

WTEpALME B3AT COBEPIIEHHO Henpasaonono6ueii koddduument @l =0,9, urobw
M0Ka3aTh, 9TO M B 3TOM CITy4ae pacueT CXOAUTCS TOBOIBHO OBICTPO.

3areM ciiefyeT MTEpallMOHHBINA LMKJ, HaYyMHAIOIIUiics oneparopoM While — noBropsth
IMKJI JI0 BBITIOJIHEHHS 3a/[AHHOTO KpHuTepHs (ToKa pacxoxaenue mexny @l u @2 ne
cranet meHsbIe 0,1%).

Bces nporpamma BblaelieHa AJIMHHOM BEPTUKAILHOW YEpPTOM CjeBa, UTEPALIMOHHBIA LUK
BBIJIEJIEH BTOPOH BEPTUKAILHON 4epTOil.

B noanporpaMmme dl MOCJICA0OBATCIIBHO BBIYUCIAIOTCA AOIYCKACMbIC HAIPSKCHUSA Ha

YCTOﬁqHBOCTB O, IUIOIAa/lb CEUCHUS A, AUaMETP CTEPKHA d , MOMEHT HHEpIHU J .

panuyc uHepuuu | U TMOKOCTB CTEpKHS A .
B KkoHme wurtepamum oOmpeensieTcss HOBOE 3HaueHHEe Ko3((uIueHTa (P ¢ MOMOUIBIO

¢ynxuun uarepnonsmn @A), nokazanuoi Ha puc. 3311.2.

Jlis Hauana cieylolleli UTepalMu BBIMMCISETCS YCPEIHEHHOE HOBOe 3Hauyenue (.

Jlanee cnemyeT BO3BpaT K Hayaldy IMKJIAa UTEpaIM, HO MEpes 3TUM OpPraHU3yeTcs BBIBOJ
Pe3yIbTaTOB pacyeTa KaxI0i HTeparuu.

3navenns @, A,d wa kaxnoit nrepamy 3anmmckBalotcs B Maccusbl @, AL, dd .

[TockonpKy mporpaMMa BBIBOJUT YHCICHHBIE 3HAYCHHS MOCIETHETO OIeparopa, TO B
Ka4decTBE MOCIICTHETO ONepaTopa IMOCTAaBICH COCTABHOW MACCHB: BEKTOP, CONEPIKAIIUI TPU
BJIOXKCHHBIX MAaCCHBA W 3aIIMCAHHBIN B BUJI€ CTPOKH JJISl 5KOHOMUH MECTa B IIPOTPaMMe.
IIpn ormagke mporpaMM B COCTaBHOW MAacCHB MOKHO BKIJIIOYATh PE3YJIBTATHl JFOOBIX
BHYTPEHHHUX OIIEPATOPOB MPOTPaMMEI.

pesynbTaThl pacyeTa Boaepar K NpasunkHoH
Ha KaXa 0l UTepaumm PEIMEPHOCTH
o =Dy Ao=Dg d=D3u
0631 96,106 38269
0452 119721 46,775
= ?I_‘ = d = MM
0457 118828 47127
0458 11874 47 162

Puc. 3311.4. Pe3ynbraThl pacyeta Ha KaKI0i HTepaunu

Pesynbrathl pacdera nokaszansl Ha puc.33I1.4. HecMoTpsi Ha BBICOKYIO TOYHOCTh pacueTa
(0,1%) deTpIpex utepaluii 0Ka3aaoch TOCTATOUYHO JAJIS JOCTHXKEHHUS YKAa3aHHON TOYHOCTH.



[Mpumep 34. OnpegeneHne KpUTUYECKUX
124 Harpy3oK aHepreTM4eCckMmMm MeTOOO0M.

(Mporpamma 34-ustoi2.mcd)

Mpumep 1
Js cxemsr Oitnepa (puc. 34I1.1) ompemennM KpUTHYECKYIO CHIIy SHEPreTHYECKUM
METOJIOM.
cXema JAnepa ORIGIN = 1

McxofHele OaHHEE

Hoe 2 Wi=sn U

Il
=

_.r—"—.__-—__*—_-—“"—.._ w

L4

Puc. 34I1.1. Pe3ynbTarhl pacdyera Ha Ka)KI0i UTEPALIUI

B o0meM cinyyae H30THYTYHO OCh CTep)KHS OyJeM ammpoOKCHMHUPOBATH MOJHMHOMOM
CTENeHu M

m .
U(X)=Cy +Cx+Cyx* +C3x° +..= Y. Cix' .
=0

3nauenus kodpdurmentor C.  ompenenseM W3 TIpaHMYHBIX  yCJIOBHil  (ycrmoBmiA

1
3aKPEIUICHHUS CTEP)KHS), PeIliasi CHCTEMY YPAaBHEHHUI C OMOIIBIO BEIYUCIUTEIBHOTO GIIOKa
given —find (puc. 34I1.2). TlockombKy B mporpamMme Hymepamnus Ko3(Q(UIHEHTOB
nHaunHaeTcs ¢ 1 (ORIGIN=1), Bua BeIpaKeHHS MOJIWHOMA OTIMYACTCS OT HAIMMCAHHOTO
BBILIIC.

MMEEn 4 MaHWYHBX YCNOBWA - Gepem NOMUHOM 4-A CTeneHK

1L, = % ul({LL ) = 0 EBWAY CHMMETDHH CHCTEME

ATO YCNoBWe MOXHO ONyCTHTE
m=4 1:=1.m+1
to+1 ) 2
w0 =y g Lo ne e d—zu(x,C)
= o L

Ci=1 Given u(0,0)=0 uwl,Cy=0 USIRERESE] 2EREnR=R]

CC = Find(C)  MCNONb30BEH HENWMHeRHBIA MeTop z=0,01.1L
PELEHNA CHCTEMEI YDABHEHMH

Puc. 34I1.2. Onpenenenne k03)HHUIUSHTOB alNPOKCUMHUPYIOLIETO OJIMHOMA

JIist CTepKHs IIAPHUPHO 3aKPEIUIEHHOrO C JIByX KOHIOB T'DAHUYHBIMH YCIOBUAMH
ABNSIOTCA paBeHcTBO Hyio nporuba wa omopax U(0)=0 u U(L)=0, a Taxxe

paBeHCTBO HyImo n3rubarommx Momentos Ha konuax crepxkast M (0)=0 u M (L) =0.
Ho wsrubarommii MOMEHT NPONOPUMOHANEH BTOPOH MPOM3BOAHON OT mporuba
M = EJu"(X), cienosarensho, a xonmax crepxas U"(0)=0 n u"(L)=0.

NMPUMEYAHUE

Buyrtpu Onoka given — find Henb3st ucrons3oBath B Ka4eCTBE YCIOBHIA MPOU3BOJIHBIE.
I'paHHYHBIC YCIOBHS HE MOTYT BBIYUCIATHCS BHYTpU Onoka given — find, mosrtomy
Ka)XIOH MPOM3BOAHON B IIPOrpaMMe MPHCBAHBACTCS UM (ByHKLHH, & B BEIYUCIHTEIbHBIH
070K 3amMCHIBACTCS 3HAYeHHE (GYHKIMH OT 3aJaHHOTO apryMeHTa, HampuMmep, i

BTOPOI IIPOM3BOTHOM U2(0, C) =0.
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B paccMoTpeHHOM IpHUMEpE HCIOJIb3YETCSl MOJIMHOM 4YETBEPTOW CTENEHH, UMEILU 5
HEU3BECTHBIX KO3((HIMEHTOB, CIIENOBaTeNbHO, B BBIYUCIHMTENBHBI OJIOK Hago
MOJICTAaBUTh 5 TPAaHWYHBIX yclIoBUH. ONHAKO B BUAY CHMMETPHH CHCTEMBI IISITOE YCIOBHE
(paBeHCTBO HyIIO yIjla TIOBOPOTa CEUEHHS TIocepeanHe OalKu) BBIIONHACTCS
ABTOMATHYECKH.

Kpowme Toro, B hopmyiry Panes Bxomst numis mepBast 1 BTopasi IPOM3BOJHbBIE OT Iporuoa,
MO3TOMY B pacuere HCHoib3yloTcs He 5, a 4 xoadduumenta. Kpome Toro, nsa
koa(ddurmeHTa Oka3aIMCch PaBHBI HYJIIO.

B o0mem, monOupas crerneHp NOJIMHOMA, CMOTpUTE Ha ero rpaduk. I'maBHoe, 4TOOBI
BBITIOJIHAJIMCh T'PAHUYHBIC YCJIOBUA. HOMHI/ITC, 4YTO PCUICHUEC MBI UIIEM le/I6J'II/I)KeHHOG,
4TO TMOAOMpaeMblii "Ha Ta30K" MOJMHOM HUKaK HE YYHTHIBACT pasnnuue B (opme u
pa3mepax CeyeHUM Mo JAJIMHE CTePHKHS.

Pemienne cucteMbl HENMHEWHBIX aireOpanuecKux YpaBHEHUH TpeOyeT HCIIOIb30BaHMS
HEJIMHEWHBIX MeTOA0B pemreHus. LlleaxkHuTe MpaBoil KHOMKOW MBIIIM HA UMEHHU (DYHKITUH
find u B OTKpBIBIIEMCS KOHTEKCTHOM MEHIO BbIOEpHTEe MeTO A pemrerus Nonlinear.

Ha puc. 34I1.3 npuBemeH BekTop Ko3(dHIMEHTOB monuHOMa W rpaduku  mporuda
CTEP>KHSI U €T0 NEPBOM U BTOPOH MPOU3BOAHBIX.

0.0l
e
/ \ .
uiz,CCY  0.005 it
0.029
ul{z, CCY "
SR cC=| -0
0 =~
. wi oE —0.057
u2iz, CC) . Ll /’
S \\ .| 0.029
. -0.005 ~z P
- -
“b“- —""’
bl 0.2 0.4 0.6 0.8
hid

Puc. 34I1.3. I'paduiku anmpoOKCUMHPYIOIIETO ITOJMHOMA U €ro IEPBOI U BTOPO IPOU3BOTHBIX

BKNOYKMTE ANA
NpoBepKM pacyeTs

i
ulz, CC) = sm| T —
{ ) -

Dopmyna Panen

IL;
2
d2
EJ| —u(x,CO) | dx
A
1]
I£i = P T
L
d : EJ
—u(x,CC) | & F=19882""
du 3
. i

Puc. 3411.4. ®opmyna Panes onpenenenuss KpUTHUECKON CHUIIbI

Ha puc. 34[1.4 3ammcanma ¢opmyna Pames u mpuBeneHO pacueTHOE 3HAUCHHE PKp.

BrIBeieHO 4MCIIEHHOE 3HaYeHNE KPUTHUUECKOM CHIIBI JUIS 3alaHHOTO CTEPHS M YHUCIIOBOM
K03(ULKEHT TPH OYKBEHHOM BBIPaKEHHH.

Ha tom ke pucyHKe mnpeaiaraercst MPOBEPHUTH JIPYrod BHJ allpOKCHMAlUK ypaBHEHHS
M30THYTOH ocu crepxHs. [Ipu BeiBoge Gopmysbl Ditliepa UCTIONB30BaNACh CHHYCOUAA LIS
ONMCAaHUsI W30THYTOH oOcu. BriltounTe BBIpa)KEHHWE  CHHYCOWIBI W YOEIHMTECh, 4TO
pe3yJbTaThl pacyeTa COBMAAAIOT Ui OOOMX BHMJOB AaNNPOKCHMAIMM HW30THYTOH OcH
CTEPIKHSL.

Mpumep 2
OnpenenuTy Harpy3Ky, COOTBETCTBYIONIYIO IOT€PE YCTOWYMBOCTH JUISI CTYIEHYATOTO

CTJILHOTO CTEP)KHS C JBYMsS 3alelIKaMd W TIPOMEXYTOYHOH INapHUPHOH OIMOpPOi,
Harpy>k€HHOTO JAByMs cuiaMu (puc. 34I1.5).
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Puc. 34I1.5. Cxema Harpy»XeHHUS CTYIICHYATOTO CTaJILHOTO CTEPIKHS

Hwxussa 3a/1€JIKa HETIOJIBM)KHAA, BEPXHAA NOABUKHA . HpOMe)KyTO’-IHaH InapHUpHas ornopa
YCTaHOBIIEHA Ha TpaHMIE HIKHEH (TOJCTOM) YacTH CTEpXKHS W BepXHEH (TOHKOW).
[TockonbKy HIeM HarpysKy, TO 3aJaHO JIMIIb COOTHOLICHHE CHJI Ha CBOOOIHOM KOHIIE M Ha

IPaHHULE YYACTKOB |:1 =2 F2 . Ucxonnble nanHble Ui pacdeTa npuBeeHs! Ha puc. 3411.6.

0
AnNKHE BCero o MoaHnUEl .
CTepHHA IL=1 YECTHOB Li=105
ILIL,
1
COOTHOW2HKME CHN jER—
2

AHEMETRE! YMACTHOE CTERMHA M X MOMEHT MHE DLW
(NepBLIA Y4ACTOK - TONCTEIA, BTOPCOA - TOHKMA)

0.015 sl 25%10
m=—— I = - Hliezd) i= | R AE Bl g
0.01 & 49%10

T3 otherwise

Puc. 3411.6. VicxonHble JaHHbIE JUISI pacueTa Ha yCTOMYUBOCTD CTYNEHUATOIO CTEPHKHS

I'pannuHbIMU  yCTIOBUSMU ISl U30THYTOM OCU CTEpXKHS SIBISIFOTCS PABEHCTBO HYJIIIO
IporuOoB B 3aJieKax U MApHUPHOH ONOPEe U PaBEHCTBO HYJIIO YIJIOB IIOBOPOTA B 33/1€JIKAX.
HNmeem 5 rpanuunbix ycnoBuil. Wimem mnomunom 5-if crenenn (puc.34I1.7). I'padukn
MOJIMHOMA U €ro TepBOM M BTOPOH MPOM3BOAHBIX MOKa3zaHbl Ha puc. 34I1.8. Kputnueckue

3HAYEHUS CUII |:1 u |:2 npuBeeHs! Ha puc. 3411.9.

MMEEM D TaHWYHBLX YCNOBWA - BEpet NONMHOM 5-F CTENEHK

t+1 =
m=5 i=1.m+1 ulz,C) = Z Cix
i=1
d &
ulixz, Cy = Zulz,C) (Gii= 1, (G = —— R ()
dx dx2
NPOrMG Ha MpaHrLEs YYacTKOE M yTon
NOBOPOTE CeeHHA B 3a0enkax paEBHEl HYyNHD
Gl 1y 2] = S = ol ©) = o = i @ =

CC = Find(T)  WCNONE30BEH MeTof INeeeHbepra == 0,01 LL

Puc. 3411.7. ITon6op k03¢ GUIHEHTOB aIPOKCUMHUPYIOLIETO HOJINHOMA
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Puc. 34I1.8. I'padukn anmpoOKCHMUPYIOIIETO MOJTMHOMA M €0 MPOM3BOIHBIX

it 2 n=>:
fi—1 2
Z EJ(z). d—u(x,CC) dx
2
= i
1=1 o
Fip = Fip= 10713 H
Liv1

n—1 F 2

= F1 de

L= n F2=FpFy Fi=21427 H

Puc. 34I1.9. Onpenenenne KpUTUUECKUX HAIPY30K HA CTYIEHYATHII CTEPIKEHb

[IpuBeneHHas mporpamMma MO3BOJISIET MPHUOIMKESHHO ONMPECIIATh KPUTHUYCCKYIO HArPy3Ky
NpU JICCTBUM HECKOJBKHX CHJI M HECKOJIBKHX YYacTKax pa3iMuHON (DOpMBI CeueHHsl.
CrerneHb HOJMHOMA OMPEJIENsIeM, UCXOs M3 YMCIIAa TPAHUYHBIX YCIOBHN M "Ha T71a30K" 1O
BUIY rpadriKa MOJMHOMA U €r0 IPOU3BOAHBIX.
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128 (Mporpamma 35-ustoi3.mcd)

PaccMoTpuM cTanbHOM cTepKeHb MPSMOYTOJIBHOIO MONEPEYHOT0 CEUEHHUSI, 3aKPETUICHHbIH
Ha JIByX IMIapHHUPHBIX omopax (cxema Jitnepa). CTep:KeHb HaTPYKEH 0CEBOI CKIMAIOICH 1
MOTIEPEYHON M3TUOAOIIeH HAarpy3KaMu.

Paccunraem nporu6 crep)kHs MPpH ABYX BHIAX MONIEPEYHON HATPY3KHU:

O paBHOMEPHO pacIpeeseHHOH 10 [UTHHE CTEePKHS,
O cocpeaoTOYeHHOM.

Pacuersl BegeM 0e3 yueTa pasMepHOCTeH, Tak Kak (yHKIMS peuieHus auddepeHmansHbpx
ypaBHeHuii odesolve He Moxer paboTaTh ¢ pa3MEPHBIMH BEIUYNHAMH.

CxemMa HarpyXeHHs M HWCXOJHbIe J[aHHbIE JUIi pacyeTa CTepXKHS C [ONepevHOn
pacnpeieNieHHO Harpy3Koi mokaszanbl Ha puc. 35I1.1.

acnpepeneHHan Harpy:ska
P Pea Py HMCXOoAHEIe aHHBIE

e
o
Il

1 b:i=008& b= 002

210" Fog = 12000 4= 800

Al
¥

HAMMEAHLIMA MOMEHT

. o 3 2
b-h IL, X
J=— M =qg—-—x-9qg—
T (z) =1 S
2
m-EJ

KpuTuyeckad cuna no 2Anepy = 78957

i

Puc. 35I1.1. Cxema Harpy»KeHUs U UCXOJHbIC JaHHbIC UL pacueTa

Pacuer nporu0a, nomnepevyHoi cuibl 1 U3rudaroIero MoMeHTa rokasad Ha puc. 35I1.2.
JIiist cipaBKM TaMm e MPUBEICHO 3HAYCHUE KPUTHUCCKOW CHIIbI, BEIYMCICHHOH M0 Gopmyie

Diinepa. Cxxumaromas cuiia B3ata F ~ 0,8FKp .

Ha puc. 35I1.3 nmpuBeaeHbI rpaiKi U3MEHEHUS M0 JJIMHE CTEPXKHSI MPOTH0a, MONepeYHOi
CHWJIBI M M3TUOAOIIETO MOMEHTA. TaM ke IPUBECH pacyeT MaKCUMAIILHOTO HAIPSHKCHHUS B

CTCPIKHC.
pelueHUe YpaBHeHUSA YIPYroi TMHHUK & L 2
x=0,—.
Given u"()-E-J + Fogu(®) = -M(x) 30
uh =0 wly=0
nepetellleHd e H3|'|-f16€l|'0LL|,HFI MOMEHT nonepevHan cHna
3 3

u = Odeselve(x, L 200y  W{z) = E-I-d—u(x) @E= E-I-d—u(x)
d” -

Puc. 35I1.2. Pacuet nporu6a, monepeyHoi CHIIbl M H3THOAIOIIET0 MOMEHTA
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ho
OnpegeneHWe MakcMManbHOre nporMba cTepXHA

=02 gy = Mammize(u, =)
fmax = 0.5 W(xmax) = 0.002  M(zmay) = 118

¥ comaneHuIo HENE3A B OporpalMMe NOCTRORTE TpadHKH 3aEHCHMOCTH
Oporuba B HANPMEEHHA 0T BeIHYHEH CREMACIER cHis. DyHEIHA odesolve He
paboTacT OpH NepeMEHHEE NapaMeThax
2
b-h |M[Xmax)|

W= — B o

fi
(o] = il i
6 W A

Puc.3511.3. Pe3ynbpTaThl pacueTa CTEpKHs ¢ MONEPEYHOI pacipeaeieHHON Harpy3Koil

Jns omnpeneneHus MaKCHMaJIbHOTO HM3THOAIOMIETO MOMEHTa HCIHOJIb30BaHA (YHKIHA
maximize, xoTs nenath 3TO He oOs3arenbHO. [10 CHMMETpHHM MaKCUMyM HaXOAUTCS
nocepeaune crepxkas npu X =0,5m. Hcnonb3oBanne QyHKIUM Maximize mosposer
UCIIONIB30BaTh MPOTPaMMY IIPU Pa3IMYHBIX ONEPEYHbBIX Harpy3Kax.

Pacuer Toro sxe crepxHs Ipu Apyroil Harpyske mnokaszaH Ha puc. 35I1.4. Bmecto
pachpesieNieHHOM Harpy3ku NPHIOKEHa cocpeoToueHHas cuna F . Pesymbrarsl pacuera
npuBeneHsl Ha puc. 3511.5.

NOMEHARTE MCXOAHEIE JaHHEIS

cOCpefOTOUEHHARA cuna Feg = 12000 Frgpep = 800 Ly =05
it Fronep
F . o o ST ;
F. Mz = % — Fromep [x LF:I [x = LF:I
PLIN 5 Given W) EJ+Frguix) = —M(x)
-+ ™
D e

2
S, b E-.T-d—zu(x)
dx

3
L
Ol = B T &
dx3 50

Puc. 35I1.4. PacueT cTepskHs C MONEPEYHOI CUIION.
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o= 0.2 Given Mz = 1000
Xrax = Minerr(s%)  Zmaz = 0.5 W(%maz) = 0002 M{maz) = —228

W::b._hz GmaX::M

f
: = Gz = 57.4 % 10

Puc.3511.5. Pe3ynpTathl pacueTa CTEpKHS ¢ IONEPEYHOI CHIION

K coxanennto Henp3st B NporpamMMe IOCTPOMTh TpaduKh 3aBUCHMOCTH Tporuda u
HaNpsDKCHUS] OT BEJIMYMHBI CokuMarouieil cuiipl. DyHkuus odesolve He pabotaer mpu
MIEPEMEHHBIX MTapaMeTpax.

pacnpegeneHHan Harpyska 5

L=1 b=008 h=002 A= %

11

E—Gll [BErDEn oo

L
Fox 10
Given u''(x + B =
EJ E.T

UADRSRE  UEEESED  RINESED s =5 0
u = Odesolve(x, L 10000
2 3

M=) = E-.T-d—2u(x) Q=) = E-I-d—zu(x)
dx odx

Puc. 35I1.6. Vcnonb3oBanue auddepeHnnanbHoro ypaBHEeHUs 4-ro MopsaKa IpH IPOI0IbHO-
IIOIIEPEUHOM U3ru0e CTepXKHS C NONEPEUHON pacpeie/IeHHOM Harpy3Koi

COCPeAOTOUeHHAA CUNA  Frgpep = 800 Feyx = 12000 L = 0.5

NPecTaBKM CUTY K3k Harpyaky pacnpedeneHHyio Ha AnuHe A

L 1 1 I
B = Fromep—  a() = T My = & D o
Top 94 Fronep qiz) qq s Bl
wie Byt qq-0.001 otherwise
50
F
Given ullll(x) + E'U”(X} = @
ET EJ
w =0 w(=0 wl=0 v(l)=0

2 3
TETEEEETY M S El ) D me
g o

Puc. 35I1.7. Ucnonp3oBanne nudepeHInaTbHOTO ypaBHEHUS 4-T0 OpsAKA TPU MPOIOIBEHO-
MONEePEYHOM M3THOEe CTePIKHSI C MONEePEIHON COCPEOTOYCHHON CHITON
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Jnst pacuera CTepXHs Ha IMPOAOJBHO-NIONEPEUHbI U3rnb, kpome AnuddepeHInaIbHOro
YpaBHEHHsI BTOPOI'O MOPSIKA, MOXXHO HCIIOJb30BaTh Au(pepeHIuaIbHble ypaBHEHHS
yeTBepTOro mnopsaka. Takoil pacuer mnokazaH Ha puc. 35I1.6 118 mnomepeuHon
pacrpeneiaeHHON Harpy3ku ¥ Ha puc. 35I1.7 g momepeuHoil cocpenoTOYEHHOW CHJIBI.
PesynbraThl pacuera Takue e, Kak MpU HUCIIOJIB30BaHNH TU(P(EpEeHIINATEHOTO YpaBHEHHS
BTOPOTO TOPS/IKA U Ha PUCYHKAX 31€Ch HE MPHUBEACHBI. 3aTO OHHU BKJIIOYEHBI B IPOTPAMMY
ustoi3 B 371€KTPOHHOW KHUTE.

IMockomeky B muddepeHmansHOe  ypaBHEHHE BXOAWT TOJBKO HMHTCHCHUBHOCTH
MOTIEPEYHON pachpefeIeHHONM Harpy3kd (], COCPElIOTOYEHHYIO CHIIy HaJlo 3aMEHUTh

HArpy3Koi, pactpeeIeHHOM Ha MaJiol JUTnHEe CTepxkHS A .

BemnunHa A MoxkeT OBITh CKONb YrogHo wanod. Ha ocTanpHOW yacTH CTepiKHS
MPUXOIUTCS MPUIOKUTH OYE€Hb MAJICHBKYIO DPAaclpeeNieHHYl0 Harpys3ky. B mpoTmBHOM
cirygae Mathcad oTka3siBaeTcs peniarth 3a1aqy.

IMockonmbky muddepeHnnanbHOE ypaBHEHHE —  YETBEPTOTO  IOPSAKA, BHYTPH
BBIYUCIIMTEIBHOTO OJI0Ka given — odesolve 3anucanbl 4 TpaHUYHBIX YCIOBUS: PABEHCTBO
HYJTI0O Tpornba CTEepKHS M PaBEHCTBO HYJIO M3TMOAIOIINX MOMEHTOB (BTOPBIX
MPOM3BOJIHBIX OT MPOTruba) B TOUKAX 3aKPETIICHHUS.

Pemas nuddepennmansHoe ypaBHEHHE YETBEPTOTO MOPSIKA, HE 3a0BIBaiiTe, YTO JaXke IS
Mathcad 3710 ype3BbUAiHO clOXHAA 3amada. Pe3ynpTarT BBIYMCICHHH (WM OTCYTCTBHE
pe3ysbTara) 3aBHCUT OT BbIOOpAa HayalbHOI'O MPUOJIKEHHUs, CIIoco0a pelIeHUs], Yucia
[IArOB BBIYUCIICHUN.
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[Mpumep 36. nHammnyeckmn pacyer
KOHCOINbHOW Banku.

(Mporpamma 36-koleb1.mcd)
Jiist koHCONBHOM Oanku Maccoi M ompenenuTs:

O MakCUMaJbHbIC JWHAMHYCCKHE HANPsDKCHUS MpH MaJCHUM Ha Oaliky rpysa

Maccoi M B TOUKy ¢ KOOpAUHATOM X, ,

O CcOOCTBEHHYIO YacTOTy KOJEOaHUH C y4eTOM Macchl OalKh M COCPEeOTOYEHHOMH

Maccel B TOUke X,

O Ilepememenne Toukn X, OGamku nox neiicteuem Bosmymaromeii cuisl F (1),

MIPUIIOKEHHOM K 9TOH TOUKE.

B npuBeneHHOM janee pacyeTe UCIONb30BaHa KOHCONbHAs 6anka mmuoit L (puc. 36I1.1).
I'pys magaer B Touky X, = 0 na cBoGomHOM KOHIE KoHCONHM. PaboTas ¢ mporpamMoii,

MIOMEHSNTE MOJIOKEHNE TOUKH coynapenus. Ceuenne — npsimoyronsHoe. @opMy cedeHns

MOJKHO 3a1aTh JMro0yio. banka cranpHas. g vHee 3amansl: Moayis FOnTra E w motHOCTD
P . Pacuer BezeTcs ¢ yueToM pazMepHOCTEH.

VicxonHble maHHBIE A7 pacueTa Mokas3aHsl Ha puc. 36I1.2.
m

&

H

I

b | »

L J

Puc. 36I1.1. PacueTHas cxema 0aiku

MecxoaHble AaHHbIE

ana Banku 3

L=100cwm b=10cw h=1:cm I = % 5= 2-105-1'.’1_'Ha

= ?SUU.E mp = p-bhl mpg = 7.8z NNOTHOCTE Matepkrana
. W Macca Hankm

m = 2.¥r MAcCa rpysa, Najawert B TOUKY  |xy = 0.0 CBblcoTel H:i=02m

NOMEHARTE 32 W H
g:=98l.— F.=mg BecIpya

Puc. 36I1.2. VcxonHble TaHHBIC ST JHHAMHYECKOTO pacdyeTra Oaku

OnpepneneHune koagmumeHTa NnpuBegeHns maccbl
Jnst  nuHaMudeckoro pacdera Oajdkd Kak CHCTEMBl C OJHOH CTENEeHbI CBOOOMIBI

onpenensercss Ko3GUIMESHT MPUBEICHUS MAaCChI knp B TOYKY coynapenus X, . Pacuer

2
BejieTcs 1o opmyiie kup = 1 J‘ (A(X)J dm.
M., A

I'me A(x) — mnepemelieHHe MPOM3BOIBLHON TOYKHM Oaliku, A — MepeMelleHre TOYKH

MIPHUBEJICHUS MaCCHI.
ITepemernienus B 3Toi opMyIie OMPENCISIOTCS ¢ MOMOIIBI0 HHTerpana Mopa. ['py3oBoe u
€IMHUYHOE COCTOSHHS OaJKH JUIsl ONpEACICHHS MEPEMEIICHHS B TPOU3BOJILHOM CEUCHHU
nokazanbl Ha puc. 36I1. 3. Koopmumnata XX TOYKM TPWIONKEHUS EIUHUYHON CHIIBI
H3MEHSICTCS 110 JJTHHE OaJIKu.
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py3oBas cuctema

A
Y

EavHnyHasa cuctema — XX

< g

Puc.36I1.3. I'py30BOe M €qMHIUYHOE COCTOSTHHS OAJIKH IIPH ONIPEICIICHNH €€ epeMeleHHI

Usrubatomue momeHTh i rpyzoBoro M u emunmunoro M1 cocrosmuit Ganku
(puc. 36I1.4) 3anmcaHbl C HCIOIH30BAHMUEM OYJIEBBIX OIIEPATOPOB YCIOBHS.

Jas M1 B cnimcok napamerpoB BK/IIOUEHa KOOPAMHATA TOUKHM TIPMIOKEHUS €IMHHYHON
cuiel XX . OmnpeneneHre KodpPUIUEHTa IPUBEICHAS MaCChI k”p moka3aHo Ha puc. 36I1.4.

Crnenyer OTMETHUTb, 4YTO BBIYHMCIEHHE KO3()(HUIMEHTAa IPUBEICHUS Macchl BPYYHYIO
SIBIISIETCS YPE3BBIYAIHO TPYIOEMKOH 3a1auei.

M(x) = Flzx—xm) (x> xm) MG, = 1(x-m(x> )

NepetellledHe TOYKHM COOYASPeHWA OT Beca NajarlWero rpyaa

L L

() M1 2, % () M1
aie | MeMbex b || ey

ET 18]
i 0
i, ko hHUHEHT A = 392 uu
NpreedeHA MacChkl

_— o) dzx Fl)c iﬂ 0.236
gk 7 A REf

Puc. 36I1.4. Onpenencaue ko3P PUIIEHTa TPUBEACHHUS MACCH

Pacuet Ha yaap

Ilpn ynape JMHAMHUYECKME HANPKEHUA NPAMO  IIPOHNOPLHMOHANBHBI  CTATHYECKUM
HANPKEHUAM G, = G ok . Pacder Takux HanpspkeHUi npuBesieH Ha puc. 36I1.5.
Jlns 3ajmaHHOW BBICOTHI majeHus rpysa H ompenensercs kodGuimeHT IMHAMHYHOCTH

kZl IpU BEPTUKATHHOM yaape. MakcHManbHBIe HANpsDKEHUS TPH  CTaTHYECKOM

NpWIOKEHUH Beca rpysa F =mMg nelicTByioT B 3ajeike, MO3TOMY HET HYKJbI CTPOHUTH

SMIOpy M3rubaromero MomeHrta. [lamee omnpenensiorcs MaKCHMalbHble CTaTHUECKUE U
JIMHAMUYECKUE HATIPSKESHHUSI.

. H 1 KoathhLMEHT
lon = s 2'3'7mu kg =835 unamuuHocTH
Thaia e
Hp 1
mazhl = ML) mazhd = 19.62H u MEKCHMENEHD S
h2 _ CTaTM4eckos
Wos b oo DEEM | SEEEEETEEEE  HAMPTHEHUS B
& W 3afenke

Op = kg o Of = 38N MEKCUMANLHOE AMHAMWYECKOS
HanpsHeHwe

Puc. 36I1.5. Pacuer MakCUManbHBIX TUHAMUYECKUX HANPSHKEHUN NIPU y1ape
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OnpeneneHne cOOCTBEHHOW YacTOTbI kornebaHui 6anku
CoOcTBeHHyI0 4YacToTy Konebanumii Oankm  C  pacrpeneleHHOM Maccod My, u ¢

COCpPE0TOUEHHOH Maccoit M, MpHIOKEHHOMN B CeueHHH X, onpezennM 1o Gopmyiie

® = |[—— , T'I€ XKCCTKOCTh k OanKu — BCJIINYUHA, 06paTHa;1 TIEPEMEMICHNUIO TOYKH
m+ k,my

M *dS
IIPUIIOKCHUA COCpeHOTO‘IeHHOﬁ MAacChl OT €AUHUYHOU CHITBI 511 = Z I— .

B

MoOMEHT OT eAMHUYHOW CUJIBI YK€ OIpeleieH B Havajle mnporpammbl (puc. 36I1.4).
Omnpenenenne coOCTBEHHO 4acTOTHI (¥ TOKa3aHOo Ha puc. 36I1.6.

' 2

1 2m, %

811 = M dz k= S WECTKOCTE Ganku
Bl 811
I

k

Ol —— W W
m + kpy-mp 27 oy

kpyroBanA dactoTa YacToTa konebadwid  nepuod konebaHui
E panMaHax B repy B CEK

o = 36093 CE:I{-I f=574rng T =017 cex

Puc. 36I1.6. OnpenencHre COOCTBCHHOW YaCTOThI KOJICOAHUIT OaTKH

Tam e Mo 3HAYEHHIO KPYTOBOI YaCTOTBI () ONpeeIeHbl YacTOTa KONeGaHuil B CEKyHIy
f u nepuon xoneGanmit T .

BbiHy>xaeHHble konebaHusa 6anku

Crenyromas yactb oOmIell mporpaMMmbl pacdeT BBIHY)XKICHHBIX KoJeOaHMH OajKu 110X
JieficTBUeM BO3MyILAlOmed cuibl. [ Takoro pacdera Hag0 ONPENENIUTh OIBITHOE

3Hauenne  kod(duumenta 3aryxamums N. Ero  ompenensior, — o6paGarbiBas
JKCIICPUMCHTATBHYIO TUarpaMMy 3aTyXaloomux kojneOanuil. B Hamem mpumepe 3amaemMcs

kodddummentom saryxanus h , sepuee, ornomenuem h/@w = 0,02 .

OO0paruTe BHUMaHUE, 9YTO OTHOIICHHE h/ @ B MpOrpaMMe 3alucaHo Kak hm (puc. 36I1.8),
TaK Kak OOBEKT MPHCBOCHHS B JICBOW YaCTH BBHIPAKEHHS HE MOXKET OBbITh BBHIYMUCIISICMbIM
BBIPQXKEHUEM, a APOOb h/ () — 3TO BBIPAKEHHUE.

Hcnons3ys obiee pereHne

u= Ae_htSin(M + &) ypaBHEHUS KOJIEOATEIBHOTO JABUKEHHS

2
m%+2hm%+ku:F(t),

OpPOCTO Uil WUIIOCTPALMU IIPOLEcca, CTPOMM JUarpaMMy 3aTyXaloluxX KojeOaHui
(puc. 36I1.7). B 3eKTPOHHOM KHMIe 3TOT pacueT CIpsTaH B 3aKpbIToi 30He. Ha pucynke
BUJIHBI 3€JICHBIE TPAHULIBI 3TOU 30HBI.

Kak BuaHO M3 3TOro pHCyHKa 3a NEpBYIO CEeKyHIy (mpu 4actoTe KosebaHuid 15 ri)
aMIUIMTyJa KoieOaHWi yMeHbIIWwiach B 5 pa3. A uepe3 2 — 3 ceKyHIbl KojieOaHMs
MPaKTHYECKN TPEKPATATCSL.



CeoboaHble 3aTyXawLWwme KonebaHWA

135 7
v+ Hup
ug = lcm v = U-i A= un2+¥ A=001m
CEK 2
@
-Hit .
== ulit) = Ae -sm(o;n-t+ E) t:= 0,002 cex. dcex

cEoboOHEE saTyRaroHe Konebanna banxn
1

%E: 0 nnnnnﬂﬂ!\nnnnnnn;\vn
= T

Puc. 36I1.7. CBoOoaubIe 3aTyxarouie Kojaedanus O6anku

Jns ompeneneHust OTKIMKAa Oalkd Ha BO3MYyIIAlOUIee JCHCTBHE CHIIBI HCIOJIb30BaH
unterpan droamens u(F,t)
1t

u=—o~ [F.e""Sin(w(t-7))-dr.

Mo,
MPEACTABISIIOMMHA COO0M mepeMeleHne TOYKM MPHUBEACHHS MacC B HAlpPaBICHUH
KoseGanus ot eiicteus Bosmymatomeit cunst F (1) .
Mensisi B uHTerpaie Jlroamens: BbIpaXE€HHE JUIS BO3MYILAIOLIEH CHJIbI, CTPOUM TIpaduKu
HnepeMeIeHN A pa3auyHbIX BUAOB Bo3Myuaromied cuiasl. Ha puc. 36I1.8 mokasano
JelicTBre Ha OaJKy rapMOHMYECKH AedcTBylowed cunsl F(t) = FySin(vt) . 3necs Vv —
YacToTa JEUCTBUs BO3MYyIIaromel cuibl F(t).
B npumepe paccMoTpeH MOMEHT pe3oHaHca V = @ . [lomensiite yactoty V u yoemutecs,
YTO aMIUTUTY 1A KOJIeOaHUH PE3KO yMEHBIIUTCS.
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by = 002 OTHOCHTENEHEIR KOAGPUUMEHT 3aTyxaHuA konebanmi hie H= ko H=0722cex

Wurterpan ioamensa ana BIHYHAEHHBIX 3aTyXawWUX KonebaHui

J F[I)-E_H'(t_ﬂ-sh{m-(t—t) dt
0

= m+ kgpemy wF =

-
FapMoHH4Yeckan cHHYcOMBanbHaA Harpy3ka
M3mMeHEHWE Harpy2KM B0 BPEMEHM im  AkRHal
EKNHIYHTE
vi=08m BLIpaXEHME t=0,005cex.. 5 cex
Fg=35H  F(f) = Fgsinfvt)

ERIHYHAHHER KouleDarre O ames: (pesoHan:)

I
q

a 125 25 375 ]
1

Onpeaenenne KoathpuuneHTa AHHAMHYHOCTH

t=5cex Given wWF D =2om tye, = Minent)

tynay = 477 ceE UlF  tyay) = 20 0ma

u[Fstmax]
ms 4 kg =3007 cumaneHoe
- . JMHAEMHYECKDE
o= kpo o = G600 HAMPAKEHHE

Puc. 36I1.8. BoinysxieHHble KosiebaHus OalKki B MOMEHT PE30HAHCa PY FApPMOHHYECKON HarpysKe

BusyanpHo mo rpaduky koneOaHMH WiIM ¢ HOMOLIb0 (QYHKIHH MINErr ompenensercs
IUHaMUYecKas amrutyaa kxonebOanmit (puc. 36I1.8). Cnenyer 3aMeTuth, uTO (YHKIHS
MINerr BBIYUCIIACT 3KCTPEMYM JIMIIb OJHOTO OTIEIbHO B3STOr0 IEpUOAa KoieOaHHH,
NO3TOMY B KayeCTBE HAyaJbHOTO NPHOIIDKSHHS HAJO B3SATH BpeMs HACTYIUICHHS

CTAaIlMOHAPHOTO KOJIeOaTeIFHOTO TIpoIiecca.
KospduumenT nUHAMHYHOCTH HaWJeH KaK OTHONICHHE MAaKCHMAaJIbHON aMILUIATYIBI

KoJIcOaHMI NP PE30HAHCE K CTATHYECKOMY MEPEMEIIECHHIO OT aMITIUTY/ bl BBIHYKIAIOLICH

cunst .
MakcumanbHble JUHAMUYECKUE HAMPSDKEHHs HalZeHbl 10 TeM ke (opMyliaM, 4TO U MpH

ynape.
Ha puc. 36I1.9 n 36I1.10 noka3ansl nepemerieHus Oalku IpH JNSHCTBUU JIPYTHX BHIOB

BO3MYILQIOIIEH CHJIBL: TNWJIOOOpa3HOW HAarpy3ku W mnpsmoyrojibHod. Ilomewsiite
HIPOAOJDKUTENBHOCTh JEUCTBUSL CHIBl U Tay3bl MEXIy HMMIYJIbCAMU U IOCMOTPUTE

HM3MEHEHHE OTKJIMKA OajIKu.
ﬂeﬁCTBHe CHMBIl nayaa

tl = 0.1.cex t2 = 0.3 cex T:=1t1+1t2
t:=0,001cex. 2cex

nit) = ﬂoor{%] Fit) = if|t < n(t)- T+t1,Fp (t— r:;:t)'T) ,U:|

"% D-::/\fbl/\i\:\f\;."i\f\a:/;'\/\
VAVALVAVER S Am Ay

I
(3]
)
=
h
—
—
h
(s8]



Puc. 36I1.9. [Tepemenierus 0anku Npu ISHCTBUH MHII000pa3HON HArpy3KH

ﬂeﬁCTBHe CHMBI nayaa
137 t1 = 0.1.cex 2= 03cex To=tl+12
t=0,001cex.. 2cex Janaite T=0.174 cek -

. STO pe30HaHC, KOraa & =
n(t) = ﬂoor{E] F(t) = it < n(t) T+t1,Fg,0)

Tﬁzﬂyﬁﬁ ﬁﬂﬁﬂg
TVVYV YV VV VYV

Puc. 3611.10. Ilepememnienus Oanku npu JeHCTBUU IPAMOYTOJIBHON HArpy3KH
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[Mpumep 37. PacyeT 6ankmn Ha aByx ornopax Ha
yaap v koneodbaHus.

(Mporpamma 37-koleb2.mcd)

Oco0eHHOCTBIO pacueTa OalKy Ha JBYX OIOpax IO CPAaBHEHUIO C PAcUeTOM KOHCOJIBHOM
6anxu (mpumep 36) siBiseTcs HEOOXOIUMOCTh ONpPENSNICHNsI OIIOPHBIX peakuuii. B Havane
pacyera HEM3BECTHBIE PEAaKLMH BKJIIOYAIOTCS B mapamerpbl GyHkuuid. [losToMy B maHHO#
IporpaMme MOJUQUIIPOBAHBl OINEPATOPhl, CBS3aHHBIE C MCIIOJIB30BAaHHEM H3THOAIOIINX
MOMEHTOB. J[iHaMU4YecKne pacyeTsl s JIFOOBIX OaIOK ITOJHOCTHIO COBIMAJIAOT.

Pacuernas cxema 6anku moka3aHa Ha puc. 37I1.1.

m:l“-

| £
4 L8
- - i Et St O
4 "
L
i L

Puc. 37I1.1. PacyerHas cxema OaJIKy Ha JIByX OIOpax

banka cTyneH4aToro nomnepedHoro ceueHus. KOHCOIb — KpyTriioro monepevyHoro Ce4eHus.
Y4acTok MexIy OHopaMu — IMPSIMOYTOJIBHOTO cedeHus. DopMy CeueHHs MOXHO 3a/1aTh

mo0yro. banka cranpHas. [ Hee 3amanbl Moayb FOHTa E u mwiornoCcTH pP.

Juis maHHOM O6ayKM HA IBYX OIOpax Maccoit M, onpenenuTh:

a MAaKCUMAJIbHBIC AWHAMHWYCCKUC HANPAKCHUA IIPpU HNaACHUU Ha 6am<y rpysa

Mmaccoi M B TOUKy ¢ KOOpAUHATOM X, ,

O CcOOCTBEHHYIO YacTOTy KOJEOaHUH C y4eTOM Macchl OalKW M COCPEeOTOYEHHOMH

Maccel B TOUKe X,

O Ilepememenne Toukn X, OGanku nox neiictenem Bosmymaromeii cuisl F (1),
MPUIOKEHHON K ITOU TOUKE.
IIporpamMma pacueTa MO3BOJAET MEHATh mnonokenue onop Ha OGanke (Lgy u Lgg) u
KOOP/IMHATY TOYKM NajeHns rpy3a X, . B NpUBENEHHOM panee pacueTe HCIOIB30BAHA
Ganka anuHOM L Ha 1ByX omopax ¢ KOHCOJIBIO JUTHHOM LRA =40 cm (puc. 3711.1). T'py3

najaer B 04Ky X, =0 Ha CBOGOAHOM KOHLIE KOHCOIH.

Pacuer Benercs ¢ yueToM pa3MepHOCTEM.

VicxonHble naHHBIE UId pacdeTa mokaszansl Ha puc. 3711.2. Ha Tom xe pucyHKe npHBeeH
pacuer miomaneif nmomnepeunoro cedenus A(X), momentos mmepmuu J(X) u Macchl

Ganxkun M, .
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MecxoaHble gaHHbIE

b=3cmbh=2cm d=2cm E = 2-105-L£Ha B ?800-53
Ui

NoNcHeHne onop Ha Ganke

Lrs = 40cm Lrp = 100.cu NOMEHARTE NONCHEHWE ONOP

L=100cw m = 5 MaAcca najawllero rpysa

Macca banku
MMowagb ceveHns

2 IL;
4
el = HT e il ::j 0 Az dx
1]
(b-hh)  otherwise

MWOMEHT HHEDLMK CeYeHHA

mp = 3.8
TouKa coyaapeHna

4
I(x) = “6—4 f x < Lpa pn = 00

NOMEHARTE 2y,

— " otherwise Bec nagaolwero rpy3a
2 e T

Puc. 14.12. Vicxonuble JaHHBIC [UIA pacueTa OaJIKH Ha JBYX OIOpax

OnpepaeneHune koadduruneHTa NnpMBeaeHns Maccol

I[J'ISI JAUHAMHUYECKOI'0 pacyera OaJKh KakK CHCTEMEI C OZ[HOﬁ CTCIICHBIO CBO6OHI)I

onpexensiercss kodhuument npusenenns macchl K B Touky coysapenms X, . Pacuer
2
1 A
BezeTes 1o opmyiie by =— J 2| dm.
Mo . Ao

ITepemernieHus B 3Toi opMyIie OMPENCISIOTCS ¢ MOMOIIBI0 HHTerpana Mopa. ['py3oBoe u
CIMHUYHOE COCTOSHHS OallKW I ONPEICIICHUS TEPEMCIICHAS B MPOU3BOILHOM CCUYCHUH
moka3ansl Ha puc. 3711.3. Koopamaara XX Toukw, TZie ONpenensercss NepeMelieHHe,
HU3MEHSIETCS 110 JJIMHE OajIKH.

rpy30B8A CMCTEMa eJWHKMYHAaA CUCTerMa
a) ]

F F=1

- ¥

B
Lai

-

h J

F W
i~ =

L

. A

L J

Puc. 3711.3. I'py30Bas 1 eAMHUYHAsI CUCTEMBI JUIs pacueTa OaJIKy Ha JBYX OIopax

OmnpeneneHne BHYTPEHHUX YCWIMKA IpU M3ruOe Oanku Ha ABYX OIOpPax paccMaTpHBAIOCh
paHee B IByX MpHMepax:

O [pumep 12 (OnpegeneHne BHYTPEHHUX YCUIMIA Npu M3rnbe 6ankun Ha AByX
onopax).

Q [pumep 20 (Pac4yeT Ha n3rnb 6ankn Ha AByX onopax),

B ykazaHHBIX npuMepax 0ajku ObUIM Harpy>keHbl OOJBIIMM YHCIIOM Harpy3ok. OnopHbie
peakuy B Havayie pacyeTa ObLUTH BKIFOYEHBI B TTapaMeTphl (DYHKIIUHU, a 3aTEM OIPEICIICHBI
C MOMOUIBIO BBIYMCIUTENIbHOrO Onoka Given-Find myrem penieHust cucteMbl ypaBHEHHH
HUTEPAIIIOHHBIM METOJIOM.

[IpenMyIecTBOM TakKOrO pEIICHUs SBIACTCS  YHUBEPCAIBHOCTh, BO3MOXKHOCTH €ro
TIPUMEHEHHS TIPH JTFOOBIX 3aIJaHHBIX HArpy3Kax Ha O0ajKy.

Henoctatkom sBisitoTcst GonbIioe BpeMsi pacdera IPH BBIYMCICHWH HHTerpaia Mopa,
KOTJa B IIpoIlecce BBIYMCICHHWN COTHH pa3 IIOBTOPSAETCS WTEpaliOHHAs IpoIexypa
pacuera.

B nanHOM mpuMepe paccmarpuBaeTcsi NHPOCTOM ciydail HarpykeHus, korna Oanka
Harpy>ke€Ha OJIHOM €IMHCTBEHHOU CHJION Beca Majarollero rpysa. B 3Tom ciyuyae MOXKHO
BPYYHYIO 3alllCaTh MPOCThIE BRIPAKEHUS Ul ONPECNICHHUsS peakiuid ornop M BCTaBUTh UX
pacdeTHyto mporpaMmy. Takoi pacueT nokaszat Ha puc. 37I1.4 mist rpy30BOil cUCTEMBI.

Jnist elMHUYHONM CHUCTEMBI TOT e pacdeT oQOopMIIEH B BHAE IOANpOrpaMMsel. TpeOyercs
OIpeJIesITh TepeMeliende B npousBosibHOM ceuennun (0 < xx < L, crnemoBaTesbHO,

MHOTOKpPaTHO HaJ0 ONPEAeiATh pPeakiuu omop W u3rubarommii moment M1(xx). B



HNOANpOrpaMMe BMecTo Xxx mnapamerp HaszBan LL (puc. 3711.4). Jlns mnpoBepku
NpaBUIBbHOCTH peuieHust Ha puc. 37115 npusemens smopst M(x) u MIA(LL x).
[omewnstiite Benmunny LL, smopa M1 usmenntcs. [list ykpalleHHs HpOTpamMMBI

140 BbIloJiHeHa anumanus puc. 3711.5. Homep kampa — ato BenmmumHa FRAME. Ilpu
MOJrOTOBKE aHMManuu 3ajaercs auana3oH 3uaueHnii FRAME. Koopaunara Toukn
npuitokenus: equauaHor cuibl LL ects ¢ynkims or FRAME. ®akruuecku anumanms
npencraBisier co0oil  IOCIeIOBATEIBHOCT KaJApOB, H3TOTOBJICHHBIX IIPH 3aJlaHHBIX
snaueHusx FRAME.

NMPUMEYAHUE

Tepen usrorosnenuem anumanuu otkmounte Beipakenne LL ;= 0.7 - L wa puc. 14.14.

OnpeneneHye peakuMi ANA rpy3oBE0n CUCTEMBI

F|Lpp—=
o= F-(Lrs - 3m) Ry = 81.75H
Lre—-LRra
B = BT Rp = -327H

M3rmbaroLmMe MOMeHTEI OT BHELUHMX CHUN
Wiz = [RA-I:X— LRA_)I:X = LFLA) + RB-I:x— LRB)-[X = LRB):I - P-[x— xm)[x > xm)

onpeaeneéHMe ONOpHbIX peakUuni U UarnbaroLlero
MOMeHTa ANA €AMHWUYHOR CUCTeMBI

M1(Ra,RB,LL,x) = [ Ra(x-Lra)(x= Lra)+Rp(x-Lgp) (2= Lrp) |- 1 (z- LL)(x » LL)

Lrp-LL x
MI(IL,x) = |Rpe ——— NoMEHARTE LL - KOOPOMHATY TOYKM
Lrp-LRa NP HNOMEHNS e0MHMYHOR CHMkl
T il - B LL := L-0.05 FRAME
M1(Ra,RB,LL,x) PO S T

e

Puc. 3711.4. Onpenenenue u3rudarouX MOMEHTOB Ul TPy30BOi U €IMHUYHBIX CUCTEM

51 B W e
0.5
BrnryuTe BEHAOe0kIHN
M 0.25 ,EI,EHOIHHI:;IM Wen4Kor Ha
(X) IeNeHOM KBEADAETE
F
o 0 B eSS S S ijukes
L ] [l
& 0325 JHLEL koleb2.
e 1] 20 40 ]l a0 o0
=
Chi

Puc. 3711.5. Dmopbl H3rudaromx MOMEHTOB JJIs TPY30BOW M €AMHHYHBIX CHCTEM

BelpaxkeHust s nM3ru0aromMX ~ MOMEHTOB — HMCIOJIB30BaHbl  MPU  OINpPEAEICHHH
KO3 HUIMEHTa TPUBEIACHUS MAaCCHI knp (puc. 37I1.6). TlockompKy B JAaHHOM IIpUMEpE

ceucHue OaIKu TIIEPEMEHHOE, TO U3MECHWIOCH BBIPAXKCHUE JIA OIIPEACIICHUA CcOOCTBEHHOI
MacChl OaJIK ¥ COOTBETCTBEHHO H3MEHMIIOCH BBIPAXKCHUE JIA ka .

neperelleHls B TOYKE COyAEpeHNH nepeMelleHle B NPOMIBONEHOR TOYKe

" 2069 2013, :

Mz M| 2, x M M1

po | i R o | i)

. 0

b : :

koadhhrUMeHT P -
Np1BeElEHNA kpp = —2j A(x)-Ag(x) dz  kpp = 0.074
Macchl mp-A- ¢ 0

Puc. 3711.6. Onpenenenne ko3¢hGUUNCHTA TPUBEICHUS MACCHI I CTyIIEHYaTON Oaku

[Nocnenyromuii AMHAMUYECKUH pacdeT OajKM Ha JBYX OIOpax IIOJIHOCTBIO COBHAJIaeT C
pacyeToM KOHCOJIBbHON Oayky, Ioka3aHHbIM Ha puc. 3611.5 — 3611.10.
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[Mpumep 38. PacyeT cnoXHou cuctembl Ha
yaap U yCTONYMBOCTD.

(Mporpamma 38-koleb3.mcd)

Janublil mpumep sBIsieTCs npopoinkeHreM npumepa 27 (Onpenenenne nepemeLleHuns
CMNOXHOW CUCTEMBbI). Pa3nnuue COCTOMT B TOM, 4YTO B HpHMepe 27 Harpyska ObLia
3a1aHa. B jaHHOM mpuMepe Lenb pacyeTa ONpeesIeHUe TOMYCKaeMON Harpy3KH, O3TOMY
HEW3BEeCTHAs Harpy3ka () BKIFOUCHA B ITAPAMETPHI BCEX MPOMEKYTOUHBIX (DYHKIIHIA.

PaccMorpuM cucremy u3 AByX OajloK, CBA3aHHBIX MEXIy COOOW CTEPXKHEM M IPYKUHOM.
OmnpeneneHue MepeMEIeHNH 3TOW CHUCTEMBbI NMPH CTAaTHUYECKOM MPHIOKEHUH Harpy3KH
paccmotpeno B ipumepe 27. B Hamem nipumepe Ha BEPXHIOK GaKy maiaer rpys secom Q

¢ Beicotsl H (puc. 38I1.1). icxoaHbie qaHHbIe Ul pacyeTa npuBeeHsl Ha puc. 38T1.2.

k
AR

Puc. 38I1.1. BeprukanpHblil yap CI0XKHOM CHCTEMBI

MexoaHble gaHHbIe

Macca nagawollero rpysa mo= 10kg ONA CTePXKHA

BBICOTA NafeHKA roy3a H = 60cu ONWHA CTEPHHA  Lep = 20-cm
BecTpyed Q=mg R CTOpoHa KBaADaTHoro
N0 YMOMYaHWKD d - yCHopeHwe cBoBoAHOMo NageHus CEHEHWA CTepHHA Z'_ o 7
MoWade CEMeHWA A = a~ A = 0.25cw

h=2cm b:=4cm BhbICOTAW
WUMPHHA CeYeHrA
Hanok

Ona 6anok (ce4eHMA AByX Danok ogMHaKoBbie)

3 ONWHEl y4acTKoE Banok. L= (20 10 30 IO)T cum

2
bh bk
et AR Jo 2.66TCM4 W= 2.66701\43
12 &
H
HECTKOCTh NPYHKUHBI K = 100 —
jlincs

Puc. 38I1.2. McxoaHble 1aHHBIC K PacUYeTy CJIOKHOW CUCTEMBI Ha yiap

Tpebyercs onpemenuts nomyckaembii Bec rpysa Q U3 yclnoBUs TPOYHOCTH U
JIMHAMUYECKHI Yol IIOBOPOTa ceueHus Oanku Ha ornope D .

Max o, =K, max o, <[o].

KoadpdummeHT AuHAMIYHOCTH B 3TOH 3a7ade ONpeneliiM 1o MPHOIImKEHHOW GopmMyre 6e3

2H
A

JlMHaMUYeCKUi yroj IOBOPOTa ceueHUs Oankd Ha omope D mpomopuuonanen
CTaTUYECKOMY

ydeTa Macchl YIpPYyroil CHCTEMbI ku =
craTt

eD.I[I/IH = k)leD.CTaT .

Takum 00pa3oMm, B XOJ€ pacyera HAJ0 ONPEACIUTh J[BA CTATHYCCKUX IEPEMEIICHUS:
CTaTUYECKOE MEPEMEILIEHUE TOUKH COYAAPEHUS B HANPABICHUH yJapa U CTATHYECKUN yroi
noBopota ceyenust D .
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OnpegeneHye YCUNUA B NPy KKHE N1 1 B cTepiHe N2
M3 YpaBHeHWUA PAaBHOBECHA

B NPYy3I0OBOM COCTOAHWKA

QL N1 L
NIQ =1 HIQ N2(Q) = TL; NI(Q) = 0667Q N2(Q) = 0.5Q

B eAMHWYHOM COCTOAHWHA

Ly M11.Ls
21 =

M1l = i—
Li+L2 Lz+La

11 = 0,667 M21 =105

JdnpegeneHWe ONOPHLIX peakUumid Banok
E MPY30BOM COCTOAHMM

Ea(Q) = Q-NI{Q) Ep(Q) =NI{Q)-H2(Q) Ra(Q)=0333Q Rp(Q)=0167Q
B ¢ AMHMHHOM COCTOAHMMH

Elg = 1-HN11 Elp = N11-1921 Elg = 0333 ERlg = 0.167

Marubalowpme MOMeHTbI Ha 4-X ydacTKax 2-x banok

OT BHELWWHWXCKN oT EHHHHHHOFI CcHnbl
FalQ = Rla=z

M(Q,%) = e (%) = L — rows(M(Q, L)) n=4
Ep(Q) = Rlpx
N2(Q) x N21x

Puc. 38I1.3. Onpenenenne BHyTPSHHUX YCIWINH B 3JIEMEHTAX CJI0KHOW CHCTEMBbI IIPU CTaTHYECKOM
HarpyXKeHHN

B Hauane pacdera onmpenenstoTCs BHYTPEHHUE YCHIIUS B JJIEMEHTAX CIOXKHOW CHCTEMBI.
Jlig ux ompeneneHys CIOXKHYIO0 CUCTEMY pa3felsioT Ha OTAEIbHbIE 31eMeHThl. [lockonbky
paccmarpuBaemasi cucrema (puc. 38I1.1) ta ke, uro B nmpumepe 27 (puc. 27I1.1), To u
CXEMBI TPY30BOH U €AMHUYHBIX CUCTEM Te ke, 9To Ha puc.27I1.3. Pa3OneHne Ha 3IEMEHTHI
ATOW CHCTEMEHI MoKa3aHo Ha puc. 27I1.4. OnpeneneHre BHYTPEHHUX YCHIIMH B TPY30BOH U
eIMHUYHOW cucTeMax Imoka3ano Ha puc. 3811.3. B oimmune ot pacdyera B mpumepe 27 (puc.
2711.5) B HalleM NpUMepe HEM3BECTHas 3apaHee cuia () BXOAUT B MapaMeTphbl BCeX
(yHKIH.

JU1 HarmsHOCTH pacdeTa U BbIBOJA IMPOMEXKYTOUHBIX PE3YJIbTATOB B UCXOJHBIC JaHHBIE
BiodeH Bec rpysza Q =100 H, koTopbIil 3aTeM ONpeneNseTcs U3 YCIOBHUS NPOYHOCTH U

okoHuaresbpHo Oyaer nonyyeno QQ =85 H.

[Janee onpemensiorcsi cTaTUYecKoe IepeMelleHne TOYKH COYHapeHHs Ul ONpeleICHHS
KO3 PHIHEeHTa THHAMHUYHOCTH M CTaTHYCCKHUHA Yroi moBopoTa ceueHus D (puc. 38I1.4).
Tam sxe onpezeneH koddduuuent guaamuasoctd R (Q) .

CTaTU4ecCKoe NepemMeLlleHWe TOYKHU NPMNOXeHWMA CUNbI

Lppar(Q) =

n Ly
W11 +N2(Q)-N21_LCT+ Z J MO, M1 o
Kup EA EJ

k=1 g

D orarlQ) = 0626 kg(Q) = S KO3 MLUMEHT AMHAMUYHOCTH
&CTE{T(Q)

g (Q) = 43789

onpeeneHye yrna noBopoTa 3afaHHOM TOYKKM D

1 N11.L3 ki i
N1l = N21 = N11=3333n° N21=25m
Li+1s L+ 14
Elg =
Al = | R1p = M11- N21 M1lx
1 1 M1(x) =
Elg = -3333m° Rlp=0833u Elpx
N21.x
N1(Q).M11  MN2(Q).N21 i M(Q, %) M1(x)
=] = + s b e A e
CTE[T_D(Q) Knp EA CT kz J ET
=l

i

Puc. 38I1.4. OnpenencHue nepeMeIeHUi CI0KHON CHCTEMBI IPU CTaTHYECKOM Harpy KeHUH
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HI/IHaMI/lquKI/Ie HalpsHKECHU MPAMO MPONOPHHUOHAIIBHBI CTATUYCCKUM WU HUX OIPCACIICHUC
nokaszaHo Ha puc. 38I1.5. MakcumanbHbIil U3ruOarOIUii MOMEHT B Oajikax OnpeaesseTcs
W3 TPOCTHIX JIOTHYECKUX MOJIOKEHHWH, KaK BEPIIMHA TPEYTOJBHOM SMIOPHI M3rHOAIOIINX
MOMEHTOB. M3 yclloBHS TPOYHOCTH HAaiJIeH IOIMyCKaeMblii BeC NaJalollero Ipy3a H
peanbHBI KOAQQUIMEHT ANMHAMUYHOCTH, COOTBETCTBYIONIMH HAMJICHHOMY JOITyCTHMOMY
BeCy Ipys3a.

Omm DL = kg(Q) Oepar plQD Omm D(X) = 6.9rpag
Ral Ly maxh{Q)
asthd = e R
mazl(Q) ‘= max RE(Q) Ls MER Ty () W n(Q)
maxhI{) = 6. 538H u MaxXCgy () = 107357 10 1a

OnpepeneHve gonycTMMOro Beca rpysa Qg M3 ycnoBUA NPOYHOCTH
,Q) QQ = 851@ kg (QQ) = 47

Puc. 38IL.5. lunamuueckuil pacyer CI0KHON CUCTEMBI

QQ = rootlz |max6nm(Q) — Cpon

CoKaThlif CTep)KeHb B HAIIEH CIIOKHOW CHCTEME HaJlO MPOBEPUTH HA YCTOWYMBOCTD, HAWUISL

O'Kp

KPUTHUYECCKOC HAIIPSIKCHUC B HCM U KOS(i)(l)I/IL[I/IeHT 3araca yCTOﬁ'-IPIBOCTPI n= .
max o,

Jist BeIGOpa (OPMyYJIBI, IO KOTOPOM OMPENENSETCsS KPUTHUYECKOE HANpPSIKEHHE, cHAuaja
HaxoauTcs ruOKocTh crepxkus A . Eciu rudkocts crepxus A >100, pacyer Benercs mo
dopmyie Diinepa. Eciu A <100, pacuer Benercs no popmyie Scunckoro (puc. 381I1.6).

Paccuntannblit kod(uiuent 3anaca ycroiuusoctn Ny =2,5 yIOBIETBOPAET YCIOBHUIO

YCTOWYUBOCTH.
pac4eT CHATOro CTEPXKHA HA YCTOMYMBOCTD = 67
4
H-L
s Feal A= (SRS
12 T
F
__ A5 -
Cyp = T = it A= 100 Cgp = 199 W11

A

(310-1142) MITa otherwise (AnA cTanm cT3)

AWHaMUWUYeCKWe HaNpAXeHWA B CXKAaTOM CTepRKHS

N2(QQ)
F

Ko3hehMLUMEHT 3anaca yCTOMYMBOCTH ny(QQ) =

Tprart@Q) = Ol PQ) = Oppar(QQ) kg(QQ) Omml Q) = 80MIIa

- ny(QQ) = 2493
Ol Q)

Puc. 38I1.6. PacueT cxxaToro cTep>kHs Ha yCTOWYMBOCTh
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Qo= 10,15 200 Q= 10.H,15.H 200H O6& BLIDEKEHWA SKEMBANEHTHEI.
(JOHO M3 HM MOHHO Y0 ANHTE

200
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ke (Q) 150 v

(10 |\ ot
P T

WA T ( Q) 100 ’/
MITa \ " i
= o W e
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P -
rpan 50—t
’f" XX)( g
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0

0 20 40 il g0 1000 120 140 1480 180 Z00
Q

Puc. 3811.7. 3aBUCHMOCTb pe3yJIbTaToB pacdera oT Beca () majaromiero rpysa

Ha puc.3811.7 nokasaHa 3aBUCMMOCTb PE3yJIbTaTOB pacdyeTa OT Beca mnajaroiero rpysa Q .
C poctom Bemuunnbl Q mamaer Ko3hPUIMEHT TUHAMUIHOCTH k)1 1 K03 PHULMEHT 3araca
yeroitunBoctr Ny . MakcHMasbHbIC IMHAMIYCCKHC HANPSKCHAS W JIMHAMHYCCKHUId yroi

noBopora cedeHuss D ¢ poctoM Harpy3kd eCTECTBEHHO BO3PACTalOT, XOTS M He
[IPOIIOPLIUOHAIIBHO €.

OOparute BHUMaHKHE Ha Pa3MEPHOCTH IIpU BbIBOje rpadukoB. Pacuer Benmercs ¢ yuerom
pasmepaocreil. Mathcad crpout rpadukn 6e3 yuera pasmepHocTeld. Pesynbrarel pacdera
BBIBOJIUT B CTaHAAPTHBIX 0a30BBIX Pa3MEPHOCTSIX, B KOTOPBIX M MPOU3BOANUTCS BECh pacyeT
BO BHyTpeHHeM anropurme Mathcad.

UroOb! yBUAETH PE3YNBTATHI B HY’)KHOH HaM pa3MEepHOCTH, TPEOYeTCs] YMHOKHUTD PE3yIbTaT
B CTaHJAPTHOW Pa3MEPHOCTH Ha MPOM3BOAHYIO Pa3MEPHOCTH, UTPAIOIIYIO POJIb YHUCIOBOTO
KodpdunmeHTa.

B namem mnpumepe Bec (cwia) H3MepseTCs B HBIOTOHAX, SBISIOMUXCS 0a30BOM
Pa3MEpHOCTHIO, TO3TOMY YMHOXAaTh WM JEJIUTH BBIPAXKEHHS HAa HBIOTOH OKAa3bIBaeTCA
HeoOs3aTenbHo. Jluckpernas nepemennas Q MoxeT ObITH 3anMcaHa Kak C y4ETOM

pa3sMEpHOCTHU, TaK U 0e3 Hero. PeByJ’IBTaT pacyeTa u BUJ l"pa(l)I/IKOB IpHu 5TOM HC MCHACTCA.
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[Mpumep 39. Ctatnctnyeckaa obpabotka
pe3ynbLTaTtoB 3KCNEPUMEHTA.

(Mporpamma 39-ustal1.mcd)

Ha pucynke 3911.1 npuBeneHs! pe3ynbTaThl UCHIBITAHUH cepud u3 10 cTanbHBIX 00pasIioB.
TpeOyercst MOCTPOUTH YCTAIOCTHYIO KPUBYIO U OTIPENIEIIUTD JOBEPUTENbHBIN HHTEPBAJ LIS
BEPOSITHOCTHU HepaspylieHust 0opasios P =99 %.

Haxonum norapudpmer Hanpsokenuit log(o)u umcen muxnos log(N). C nomornsio

¢yukipn  line  HaxoauM KO3 GUIMEHTHl ANPOKCUMHUPYIOIIEH MPIMOH M CTPOUM
YCTaJOCTHYI0  KPHBYIO, COOTBETCTBYIOIIYIO  BEpOSTHOCTH  HepaspymieHus  50%
(puc. 3911.2).

Pacyet Dea yyeTa pasmMepHocTed

PesynbTaThl 3KCAEPUMEHTA [YHCNO LIMKNOE 0 paspylleHka N
B SAEMCHMOCTH OT MaKCMMANBHOMO HANpIEHeHUA B AeTant o )

o= (6309 5623 5011 44.66 3981 3548 3118 27.91 2511 22.38)T MIIa

T
N = (13 25 B3 HE5 7.81-103 1.13-104 1.98-105 8.16-105 5.15-105 3.16-106) LHKILOE
i Iog(G) o= log(th n = rows(I) i )
MoaGop anpoKCHMMUPYIOLLETO YPaBHeHHUA
1.867
aa =
—0.076

NOYTH TOME CaMOS  aa = medfit(3, 1)

an = lme{Z T ¥ = aa) + aag-¥

1.84%
aa =
-0.072
corri X, V) = —0.986  KoshduupnenT koppenauuy 0,986

cvar(3, ¥) = —0.268 CEMOSTENLCTEYET O X0POWSH CEAZM
stdew(X) = 188 ABYX BEMHHUH X 1 Y.

KOAR DUUMEHT KORPENALMKH
KoBapKWAaLMA
CpeAHes KBaapaTyHoS

Puc. 39I1.1. O6paboTKa pe3ynbTaTOB YCTAIIOCTHBIX UCIBITAHUI

OnpegeneHne AOBEPHUTENBHOMO MHTEPBANA ¢ BEPOATHOCTBID 99%

KEEHTHME t= 2764

no CTeroneHTy

to= gt{0.99 n)

s = atdew(Z) o) 1 - corr(X,Y)z s = 0.30%

LLMpHHE NOESPUTENEHOMD MHTEPEENE 2-t-5 X —ts < Xepeguee < X+t

OnNelTHElE AaHHEE B
norapyrdeckmx
KOOPOKHATEY [ DBOAHORA
WEen4oK Ha rpadiuke -
eblbpate: l0g. scale)

BOPXHAR M HIDKHA rpannpl Y1 = 22l T+ aaz (X +ts)

ACBEPUTENEHOMO MHTEPBANE 42 = aay + aaz (X — t-5)

AOBepUTENbHBIA MHTepEaN

2 100
1.9 -
1.5 N Lo
s . \\ - 1
L N ] 17 M
¥ \\4.\ o il
—_— s ™, N,

! LN oo .
e NI 1
g2 7 AN
_— ol

14 .
e
13 10
i 100 1100 10t 1100 1-0® 1107
N

Puc. 3911.2. ITocTpoenue ycTaaoCTHON KpUBOM

OnpenensieM CpeIHEKBAAPATHUECKOE OTKIIOHEHHE M KBaHTHIbL BeposTHocTH Gt(P),

COOTBETCTBYIOIINH 3aqaHHON BepositHocTd P . Ilpy MainoMm uucie HCIBITaHUH BMECTO
HOPMaJIFHOTO paclpe/ieJieHus] HCIoib3yeM pacnpenaeneHue CThioeHTa. 3anmnchiBacM
yYpaBHEHUsI BEPXHEH W HIKHEH I'paHUIl JOBEPUTEIBHOIO HHTEPBAJIA H CTPOUM UX TpaduKH
(puc. 39I1.2). Ha ToM e pHCyHKe clipaBa JJIsl IPEICTABICHUS PE3yJIbTaTOB HMCIBITAHUN
UCIIONIb30BaH rpaduk, rjae mo ocsiM BBeaeHsl ¢ v N , HO BbIOpaHa JiorapudmMuueckas
mKkaja. B TakoM ciydae mpeaBapuTeNbHOE JIOTapU(MUPOBAaHUE HCXOIHBIX HAHHBIX HE
HY’KHO.
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[Mpumep 40. PacyeT 6onta Ha yCTarnoCTHYIO
MNPOYHOCTb

(Mporpamma 40-ustal2.mcd)

Omnpenenuts auamerp 00JITa, WCHBITHIBAIOIIEIO HArpy’)k€HHE aCHMMETPUYHBIM IHKIOM
pacTshKeHHs U3 pacdera

0 =Ha CTaTUYCCKYIO NPOYHOCTD;

a oo npeacity BbIHOCIIMBOCTH;

Q Ha goaroseyHoctb N =10° LIMKJIOB.

Cxema ycTaHOBKH 00JITa M XapakTep Harpy3kH moka3assl Ha puc. 40I1.1. Marepuan Oonra
— crans 40X ymyamrennas, o, =1000 Mlla, o, =800 MIla. DddexruBHbII
KOO(GUIICHT KOHLEHTpauuu HampsbkeHuil B pessbe K, =2. Pasmeps! Gonra Mamsl,
nosromy Macurrabusiii koadduruent Ky =1. IIpo ocranshbie k03 HUHEHTbI (COCTOSHHS

IMOBEPXHOCTU H prO‘lHeHI/Iﬂ) HHUYCTO HEU3BCCTHO. HpI/IHI/IMaeM X PAaBHbBIMU 1. TOF,H&
KOE)(i)(i)I/IHI/IeHT nepexoaa K npeaciy BBIHOCIMBOCTU ACTAIIN

K = &+L_1 ;:
Ky Ke Ky Kg

q R- Frw= 40 kH

N N

F F..= 10 kH

Puc. 40I1.1. Cxema Harpy>xeHus 6onra

MakcuManbHasi 1 MUHHMAaJIbHAsL HArPY3KU Ha 00T, a TakkKe JIOIMyCKaeMbId Ko3((GHIHeHT
3amaca N BBEICHHI MIOOATHHO W MOMEMICHBI 0KOJO Tpaduka (puc. 40I1.5), aToOBI, MeHsA
UX W COOTBETCTBEHHO aCHMMETPHIO IIMKJa HarpyKeHus, HaOmojate Ha rpadmuke
HU3MEHEHHE Pe3yJIbTaTOB pacyera.

JanHbli pacuer nposemeH w1t N=2,5, P,

=40 xH, P,;, =10 xH. B stom cny4ae
=0,25.

Pacuer Benem ¢ yderoM pasMepHOCTEH, MOTOMY B Hadaje pacdera (puc. 40I1.2) BBeneHBI
NPOU3BOJIHBIE PA3MEPHOCTH, 3aTEM MCXOJIHbIC JIaHHbBIC Ui PacyueTa, YKe B HMPOU3BOJIHBIX

pa3mepHocTx (Mma). Jlanee BBeAEHBI BBIPAXKEHHS ATl aMITUTYJHBIX M CPEIHUX 3HAYCHUH
Harpy3Kd U HanpsDKEHHH, Kak QyHKIMM OT HEM3BECTHOTO Moka quamerpa 6onra d .

koo(dunment acummerpun mukiaa I = P / Pax

PN CUMMETPUYHOM LIMKNE Gpoon = Gy

Chas % d1 = root{f{d,n, Ooyny),d)  d1 = 27 m

npy aCcMMMeTpPUYHOM LMKNe

Gnin () 1- o
= N o - B - T T
G ] 1+r Sk
tgf = 0.6
g = 10MIIa Oy = 10MIIa HEYENEHOE NPUONKHEHWE
Givet Dar = Team— W' Omr  Tar = 128 Omr
Car Sar 153
‘= Find{ Gar, Opnr) = MIla
Oy O 555
B 7 (= B T O Ty = 407 101a

d2 = root{f{d,n,5,),d) d2= 177 mm

Puc. 40I1.2. VcxonHble TaHHBIC s pacyera 0oiTa
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o
npen
YcnoBue npodnocTr 6oata N = —2n > [n] sammcano B suse Qynkumn f(d,N,070¢,),
Umax
paBHOI1 HYJII0, YTOOBI UCIIONB30BATh €€ MPHU PELICHUN YpaBHEHHS (YHKIHEH root, kotopas

HC MOXCT pa60TaTb C HCpaBCHCTBaMHU.

Jnst 3amaHHOMN cTalmy M3BECTHBI JIMIIb MPEIeNbl IPOYHOCTH U TEKYUYECTH, TI03TOMY pacuer
BE/IEM [0 TPUOJIMKCHHBIM 3aBHCHMOCTSIM M, €CTECTBEHHO, pE3YJbTaT MOJIydYaeM TOXe
TIPHUOIIMKSHHBIN.

[penen BEIHOCIMBOCTH IPH U3rHOE NIPH CHMMETPHYHOM LIUKIIE

O e * 0,50, =0.5-1000 = 500 MIIA.
IIpenen BBIHOCIMBOCTH NIPU PACTSKEHUM IIPY CHMMETPUYHOM LIMKIIE

O _1pacr ¥ 0370-—1M3rn6a =0,7-500 =350 Mua.
Conpotusienue paspbiBy S, ~ 20, =2000 MIla.

Cratnyeckuin pacyet

Ipy cratndeckoM pacdere Oy,

=0, . U3 ycinoBus npoyHoCTH HalijeH quameTp Oojra
d =13 MM. DT0 BHYTpEHHMII TMAMETP PE3BOBI, IO KOTOPOMY ONPEJIENSIEM Pa3sMePhl 60ITa

¢ pe3bboit M16, BHyTpennuit quametp kotopoii dy, =13,26 mm.

PacueT no npegeny BbIHOCIMBOCTU

B srom pacuere O

npen = O - Haiiziem Benuunny oy (puc.40I1.3). Ha stom pucynke

mpeacii BIHOCIMBOCTHU ACTAJIN IPU CUMMETPUYHOM HUKIIC 0003HaUYCH O, TaK KakK B

M °
Mathcad Henb3st 3anmcaTh O_; (MHAEKC-KOMMEHTapHil HE MOXET ObITh MaTEMAaTHYECKHUM

BbIpakeHHEM). Besze B BeIpaskeHUSIX OMyIeH BepxHUi nuaekc. Cucrema ypaBHEHHUH

ox =" " i u of =tgf-opn " 0bo3HAUEHBI KaK
Oar =Ocum —¥ " Oam 1 Oar =1QW - Oy -

H=N m=m Mla=10" ¥H = 10000H mm=0001m

g8 H
Z
M
Marepuan cTanb 40X op = 1000 MIa op = 800 MIa Sg =20

K =2 cyMMapHelid KoathUUWEHT BNWAHWA BCEX
chaKTOPOB Ha Npefen BEIHOCIMBOCTH

g = 3-106L{H1{.n03 fazoB0e YACNO LUMKNOB

OcTanbHbIe UCXCAHEIE AaHHBIe 3a8aHbl
rno6ansHO B KOHLE NPOrpMMbl OKONO rpadhuka

XapakTepMCTMKM LMKNA Harpy#eHWA GonTa

. : 2
Prmax — Pmin Prmax + Pmin m-d
Pt —————— . = Aldy = ——
a 5 m s () p
d . d d d
(&) = . = e . =0 + O
ald) T mbd) T rmaz(d) mld) + Cald)
Cpin(d) = Op(d) — G4(d)
Smpen
yenosue nposHoctt 72 [7] fd,n,oppen) = ————n
Gz b d)

CraTuyeckuid pacyeT o, = o,

di=2mm d:=root(f{d,n,00),d) = 126mm
Puc. 40I1.3. pacueT GoiTa mo npeaeny BEIHOCIUBOCTH

Pemast cucteMy 3TUX OBYX ypaBHeHHil ¢ momoripto GyHkuuu find onpemensem npenmen

JeT JCT JCeT

BBIHOCJIMBOCTHU ACTAJIU IMPHU aCUMMETPUYIHOM LUKIIC O'r = O'a + O'm . 0003HaYEeHHEII B

Mathcad o, =04 + Oy -

B ycnosuu npounoctu (B gpynkuun f(d, I’l,O'Hpeﬂ)) 3aMEeHsEM O, Ha O} . U3 ycioBus

npen
MMPOYHOCTH ONPCACTIAEM TUAMETP TATHU.
ITpu cummerpuanoM tukne I =—1 dl1=27 MM, Oepem pessby M32

(dBHyTlD =28,3).
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Ipu acummerpuunom mukne I =—-0,5 d, =17,7 mm, pe3nba M22 (d =18,3).

BHYTp
PacueTt Ha JoOnroBe4YHOCTb

[MocTpouM yCTANOCTHYIO KPUBYKO Ul 3aJaHHOM CTENEHH acMMMETpuU mukna 7 =—1 u
r=0,25 mno msym toukam: N =1 0=S, u N=N; o =0,. ucnonesys dynkuuro

line, HaxoauM KOA(hQUIMEHTH ANPOKCHMHUPYIOMIETO YPAaBHCHHs W MO YPaBHCHHIO
YCTAIOCTHOM KpUBOM HaxomuMm mpezen orpanundennoi BoiHocausoctd o(NN), rme NN

— 3aJlaHHAs JOJTOBEYHOCTH TATH (puc.40I1.4).
MocTpoeHWe ypaBHEHMA YCTANOCTHOW KPUBOK

npu r = -1 MpH 380aHHOM = (.25

)] [l
e logi{1) 0g WA og Mz
log[NU) WS .

1
| Orrm ! Or
o] 8]

& €| MIa

MPK 3g0aHHoM 1

1 = lne(¥1,30) C1 e 1 |01 |
= E 5 = ml =
—9.372 !

oM r=-1

Cm (T C 20208 |C |
= B ) = 11 =
—6.122 1

1

S1(M) = o, = G1(NN) = 585MIa

in
(8 i
Ni{c) = ND,[_Y] G2 = 700 MITa 5
11(c2) = 1.089 x 10

4
My 2
S = O E G (NN = 305MIa
& in
N(G) ! an[ CHM] o2 = 700 MIIa
o W(o2) = 618

pac4eT Ha aonroeeqHocTb NN

NPY CUMMETPHYHOM Likne r=-1 43 = rootlfld, 0, o(MID) ,d)  d3 = 20.4 mm

)
NP GCUMMETRMUHOM LMKIE T = rootlfld,n, G110}, d) @4 = 14.7mu

Puc. 401I1.4. Pacuer GoiTa Ha JOJITOBEYHOCTH

N .= 1,104._ND YCTanoCTHbIe KpUBbIe

g
MK NoMeHARTe
U(N:l MCHOOHBIE
el JaHHsle
MIIa \a‘“
3 o
1-10 s =
S1(N) \::-._ ol B
Mla \"""--... A
S~ B e
100 ; NN= 10°

g0 o8 et ot rae it
B
_r=-1 __ _r

npK r = -1 (M) = 3050IIa NpW r= 025 ol(NN) = 585M1a

FPacyeTHble 3HaYeHWA JnameTpa BonTa
no Npefeny TekyYecTy d=126mm

na npefeny BEIHOCMMBEOCTH  MpH ¢ = —1 dl = 27 mm

npl r= 025 d2 =177 um

no Npegeny arpaduyYeHHoR
FaE D new r=-1 dz = 20.4 nm

5
BEIHOCMMBOCTH MPH NN = 1T10°UMKIOE  mpy r= 025 d4 = 14.7um
Puc. 40I1.5. Pe3ynbTats! pacdera 6onra

W3 ycnous mpo4HoctH, B KotopoM O, =0 (NN), onpenensem BHyTpeHHui quameTp

npes

pe3s6b d =19,7 mMm 1 noxGupaem pessby M22, nveronyio Ay, = 20,2 mm.

[pu cummerpuaHOoM THKITE I = —1 d3=20,4 wmm, OGepem pe3sdy M24
(dyyrp =21,3).

Ipu acummerpranom nukie I =-0,5  d, =14,7 mm, pess6a M18 (d =15,5).

BHYTP



VYcranmocTHas KpuBas M pe3yibTaThl pacyeToB MoKazaHel Ha puc. 40I1.5. Pabortas c
NpOrpaMMOii, OMEHSHTE UCXOJHbIC JaHHbIE, 3aJaHHbIe TI00ATBHO OKOJIO IpaduKoB, U
MOCMOTPHUTE Ha M3MEHEHUE PE3YJIbTATOB pacueTa.

149
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[Mpumep 41. PacyeT gonroBe4yHocTn getanm
NpU HECTALMOHAPHOM Harpy>XeHun.

(Mporpamma 41-ustal3.mcd)

Onpenenuts CpoK CIy>KObI aBTOMOOMIBHONW ocu u3 ctanu 18XHMA, npexen mpodHOCTH
kotopoit 0, =1200 MITa. Cxema HarpyxeHust ocH mokaszana Ha puc. 4111.1. Bruusaue

KOHLIEHTPALMK HANPsUKEHNit 1 pasMepos fetamn 3ataHo otHowenuem K /Ky =1,6.

O06paboTKa IUKIOrPaMMBI HArpy>KEHHs ITO3BOJIMIIA CBECTH IPOILECC HArPYy)KEHHSI OCH K
ITOBTOPEHHUIO OJIOKa HarpykeHus, m3oOpaxkeHHoro Ha puc. 4111.1 Onpenenuts CKOIBKO
0JIOKOB Harpy>KCHHS BBIICPKUT OCh 110 Pa3pPyILICHHUSL.

PacyeTHan cxema LIMKNorpamia HarpyweHna ObpaboTka UMKNorpamiel
o

LIV iied //‘// I T

| | M M, M, M

za 1 Mac paboTel

Puc. 4111.1. Cxema HarpyeHusi aBTOMOOHMJIBHOM OCH, IMKJIOTpaMMa U TUCTOTpaMMa €€ Harpy KeHus

MaxkcumanbHOe ¥ MUHUMAaJIbHOE HAMPSDKEHHS [UKJIA W YHCIO IMKIIOB B KKIOH CTYIIEHH
OJloKa Harpy»XeHUs BBEJICHBI B pacueT Ha puc. 4111.2. Tam ke moJICUNTAHBI AMIUTUTYIHEIC
U CpeJIHUE 3HAUCHUS HaIPsHDKEHUH.

H=N m=m Ma=10" OFIGIT =1

o H
2
s
McxopHble AaHHbIe
MaTepuan cTans 18XHMA o = 1200 MIIa Sy = 2.05 Npi= 3.10° Wnos
EnuAHne KoHUSHTPALMK HANPDIBKEHUA 1 DA3MEPOB AETANK 3804H0 OTHOWEHHENE = 1.6

XapakTepuCTUKM ogHOro Bnoka Harpy»KeHMA (No pesyneTartam obpaboTkt UMKNorpammel)

800 —100 10
Opaz = | 650 |MIla  Opyy = | —150 | Mla M= | 100 | upos
500 -100 1000
030c
Ca— TB Gempe = 375MIIa 1= 1. rows(0)
: (&
Cmaz ~ Cmin Omax T Tmin i
Ca = Om = Cagp, =

2 & i,
1_ 1
Sic

Puc. 4111.2. PacyeT 10aroBeYHOCTH IETAIM NPU HECTALOHAPHOM HArpy KEHHU

[Ipexen BBIHOCAMBOCTH NMPH CUMMETPHUYHOM IMKJIE HArpy)K€HHs W3rHOOM OMpeseNeH 110

npubmmkenHoii popmyne o' zm, rne K = —U—i-L—l _ =16.

K Ky Kg Ky Ky
TTockoNbKYy CTYMEHH OJIOKa HArPYXKEHHsl MPEACTaBIIOT CO00M aCHMMETPHUUYHBIA LUK C
Pa3IMYHBIMU  3HAYCHHSAMH KO(QQHIMEHTa acUMMETpHE I, JUIsl KaXIOH CTYIIEHH HaJI0
0100paTh COOTBETCTBYIONIHIA €if [0 CTENEHH MOBPEKIEHUS! CHMMETPUYHBIN [IHKII.
JuarpaMmy MHpefeIbHbIX AMIUIATYA MOXET OBbITh IIOCTPOCHA HE TOJBKO ISl MPEIeiioB

BBIHOCJINBOCTU O'r , HO W g TMpeaAcioB OrpaHPI‘IGHHOﬁ BBIHOCJIMBOCTHU O-I',N .
COOTBETCTBYIOIIUX 3a[[aHHOI7[ JOJI'OBEYHOCTHU N . ypaBHeHI/Ie JAuarpaMmmsbl B 06HICM BHUIC
Oa =O0_IN VN Onm>
e wy = O-1N

S

HaHpSDKeHI/IeM, OKBUBAJICHTHBIM 3aJaHHOMY, CUHUTACM HAIIPSIKCHUC IPU CUMMETPUYHOM
HOUKJIC, IpHU KOTOPOM HYHUCIO HHUKIOB A0 PAa3pymICHHUA TaAKOC KE, KaK IMpHU 3aJaHHbIX

Om

, TOTHa Oyq =0,

K K
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3HAYECHUAX O, U Op. TO €cTh CTeneHb NOBPEXKIEHUS NPH SKBUBAICHTHOM LUKIE
Harpy»eHus Takas e, Kak [IPU 3aJJaHHOM IHKIIE.

Jnst Tpex crymeHell OjoKa HarpyKeHUs W3BECTHbl O, H Op,, 10 HHUM HaiiieHbl
9KBUBAJICHTHBIE HANPSOKEHWS CHMMETPUYHOTO IIMKJIAa M TIOCTPOCHBI  JHMarpaMMBI

NpeeNbHBIX aMIUTUTY A7 HUX (puc. 4111.3), MOSCHSIOIINE CMBICT Oy -

Ouarpamma npefenbHbIX aMNNUTYA
e, 0 Sk 1 YCTaNOCTHAR KPUBER NPH
T, = B RN o= N1= CHMMETPHYHOM LIMKNE, NO KOTOPOR
3 0 Sk onpefensHa JoNroBedHOCTE MM,
COOTBETCTEYIOWAN 3HAYSHHAM Sypp

o 3

— 110
MITa e

100

110 o 110° 110t 10’ 1a0® 11’
M1

Puc. 4111.3. ITocTpoeHue ycTagoCTHOW KPUBOM JJIsl SKBUBAJIEHTHOIO CUMMETPUYHOTO LIUKJIA
HarpyXeHHs

PacyeT 3KBEMBANEHTHOW AoNrogedHOCTH NN

1 Mo < &
S O cprn NN = || Np- = ' Gae, > Ccum
log —log GBR:Eli ;
10Ta ITa
10 :
rows (1) ” 10 otherwise
1
0] = —_ ] = 0.0001362
(7% (a4 : NI BI0KA
il
yucno 6nokos Ao 1
n=—— i = 15
paspyweH1A D

MpOMEsHyTOUHRIS pesyNeTaTel pacdeTa

Gmaxi Zijni :Gai = Gmi = Gamai = M = I =
10 105
a00 =100 450 350 527 !
2 100 10105
G50 =180 400 280 447 0 17010 LHKIOE

500 -100 300 200 327

Puc. 4111.4. Pe3ynbraTsl pacuera JeTaly IPpYU HECTALLMOHAPHOM HArpyKeHUU

ITocTpoeHa ycrajgocTHas KpuBas NMPH CHMMETPHYHOM ITHKIIE, MO KOTOPOIl ompeaencHa

JAOJTOBEYHOCTb, COOTBETCTBYIOIIAsA 3HAYCHUAM O-3KB'

AHanuTH4eCKOe ONpe/esieHne
JIOJITOBEYHOCTH IO YPAaBHEHMIO 3TOM YCTaJIOCTHON KPUBOI MoKa3aHo Ha puc. 4111.4.
3Has 4MCIIO LMKIOB AeiCTBUs Kakaoi crynenn Harpyxkenus N u uucno mukinos NN,

BBI3BIBAIOLIUX pa3pyLIEHUE IIPU JAaHHOM HAIpPSKEHUU O [I0 TUIIOTE3€ JIMHEHHOIO

OKB ?

CYMMMpPOBaHHs NOBPEXICHUH ONpEJENAeM MOBPEKIEHHE Wgoxa » HAKOIIEHHOE 32 1 010K

Harpy’eHus M 4MCIO OJOKOB 10 paspymenus N =1/@g; ., . Pesynsrarer pacuera

npuBeeHsl Ha puc. 4111.4.

Ob6parure BHIMaHUEe, yTo Mathcad He MOXKET BEIYHCIUTE JIorapru(M OT pa3MEPHOTO YHCIIa,
MO3TOMY TIpM BBIYMCIICHHUM IIOKas3aresisi CTENeHW M HanpspKeHHWs paslielieHbl Ha
PasMEpPHOCTh. Kak u B peaAbIAYIUX MpUMEpax Mmpeacii BBIHOCIIUBOCTU IIPHU CUMMETPUYHOM
LIUKJIE BMECTO O_; 0003HAa4YeH Oy, -



[Mpumep 42. PacyeT 0ONroBe4YHOCTM Mosiochkl C
152 TpewmnHoOWN.

(Mporpamma 42-razruchenie.mcd)

B monoce u3 cramm 20X (puc. 4211.1) obHapyxeHa OOKOBas TpeluHa IHHOH Ly =2 M.
[Tonoca UCTBITHIBACT MYJIBCUPYIOLMH LUK Harpykenus. s cramu 20X o, = 600 MIla,
K. =40 MIlav/m . Kak XapaKTepPUCTHKA MaTepHaia MPUBOAUTCS IKCIEPUMEHTATBHO
HalIcHHAasT 3aBUCHMOCTD m =15 10713 (AK )3 .

[MyNBCHEYHILMEA LMK

Monoca ¢ TpewuHox HarpysKeHnA nonockl

a) &)
- £t P . =600«H
i 1 F Ne of s N
L H [ VARVARR
=2 mam T + p. =0 ¢

Puc. 42I1.1. TTosioca ¢ TpemuHOM 101 ACHCTBUEM ITyJILCUPYIOLIEH HArPy3KU

OnpeneNuTh YMCI10 UMKIOB OAPACTAHHS TPELMHBI 10 KPUTHIECKON uHbL Ly, .
Bhavase HaiizieM KpuTHYeCKyIO JumHy Tpewutbl L, u3 ycnosus paspymenns Ky = Ky .

KI :O-HOM\/”LKp f= KIC'

Ionpasounsni ko3pdumment f =1,12 mig mogocs ¢ 6OKOBON TPEIMHON OIPEAEIIEH 1O
CIIPABOYHUKY.

=
HomuHanbHOE HanpsKeHUe IPH PACTKEHUHU MOJIOCHL Oy = — .
A

2
Ke ) 1
KpI/ITI/ILIGCKaSI JJIMHAa TPCHIUHBI L = — — UId  IUIOCKOI'0  HAIPAKCHHOI'O

Kp
Ohom 4

cocrosHus (puc. 4211.2).
i H
m=m mwm=0001m H=N «H:=10000H Mla = 10 -
I

OnpeaeneHWe KPUTHUYECKOW ANWHBI TPeLWMHbI
McxoaHble AaHHbIE

Gp = 600 MIIa Kjp = 40-Mla/n

PE3MepEl CeYEHMA b= 12.mm  h:= 2500w F = 600.H
nonpaeka aAna Kj. =112

10:= lum A= b.(h—L0)
HOMHMHaNEHEI2 F
HanpaxeHWA 5= — o = 201 M0Ia

A

KOMTHYCKYIO ANMHY TREWMHE! L KD B B
HaRIeM 13 YCNOBKA paspylieHHA K1 = CuzuyjTihgp f=K

&) I

o
¥ic 1
Puc. 4211.2. PacueT KpUTHYECKO JUTMHBI TPEILIUHBI

dl
JIoNroBeYHOCTH MOJIOCKHI ¢ TPEMHON Haliem u3 Gopmyisl [Iapuca N =C(AK)", rze

AK = KI(OTFmaX) - KI(OTme) =(Umax _O'min)\lﬂl- .

Wnterpupys Gpopmyay IIspuca, momydqaem 4rcio DUKIOB O pa3pymIeHUs



bedL
No [
L, C ( AK )
153 PesynbraThl pacdera MOITOBEYHOCTH IMOKa3aHbI Ha puc. 4211.3.

PacueT n,0NroBe4YHOCTU Nonochl
al

dopayna Mapuca — = C(AK)Y?

prayna Map o C )

- =3
andcranm 20 n=3 = 1510 13-M-[I-.111'Ia-ﬁn:|
Fazmax nameHeHrA KoadhULWMEHTE MHTEHCHMEHOCTH HANDAHEHWH
AK = KI(D’I‘ Fo) ~ Kl(m Pl = [Gmax - Gmin) NaL - f
NPH MyNECHDYOLER LIMKNE

o 6
AR(L) = oofnlf LY = — 4L N(LO) = 478x 10" mmotes

n
CARL) —
Lo LL = 1 mm, 1.1 -mamr.. Lygp

Honroee4yHocTs Nonockl NpY MCXOAHOMW ANWMHE TpewmMHbl LL

15
--t-‘-\h
1 .y
LL ™
" n Y
MM \\..
— 5 h'\
\..___
g 3 4 5 ] 7
110 1-10 110 1-10 110

M{LL}
Puc. 4211.3. PacueT 10JIrOBEYHOCTH I10JIOCHI C TPELIUHON (OKOHUAHHE)
Kak BugHO M3 pacderoB, Juis MOApAcTaHUsl TPEIIUHBI C 1 MM 0 KPUTHYECKOH JUIMHBI

12,5 mm motpedyercs 4,5 muH nukios. Ha rpaduke (puc. 4211.3) npuBeaeHa 3aBUCUMOCTh
YHCJIa HMKJIOB JI0 PaspylIeHHs OT pa3Mepa UCXOAHOM Tpemunsl LL .



154

[Mpumep 43. NocTpoeHne anarpammel
NCTUHHbIX HaMPsXXeHUH.

(Mporpamma 43-diag.mcd)
Takast auarpamMma CTpPOMTCS IO pe3yibTaTaM MCIBITAaHUH CTaHAApTHOro obOpasia Ha
pacTsbKeHue.
ITo 3aMepaMm 06pa3ua J0 U II0CJIEC HUCIIBITAHUHM B pacyeT BBOJAUM HaAYaJIbHBIC NJIMHY LO u

nuamerp obpasua ), a Taxke uamerp o6pasua B weiike nocse paspoisa d, .

C HapuCOBAaHHOW HCHBITATENIFHOW MAIIMHOW AMarpaMMbl B KOOpAMHATaX Harpyska —
MepeMenIeHne CHIMAT KOOPIMHATH HECKOJIBKMX XapaKTEePHBIX TOYEK: Hadalda M KOHIA
TUTOIIAJIKU TEKYYECTH, TOYCK, COOTBETCTBYIOLIMX MaKCHMAaJbHOW Harpys3ke Ha oOpasei u
MOMEHTY pa3pbiBa o0pa3ua. Kpome Toro, uist nmociaeayromieil anmpoKCHMaIu JriarpaMMbl
Jne(OpMHUPOBaHUS HEOOXOAMMBI KOOPAWHATHI IO KpaiHEeH Mepe IBYX TOUYEK MEKIY
MPEJICIIOM TEKYYSCTH U TPEACIOM MPOYHOCTH. UTOOBI Ha quarpaMme ObUT BUJICH YYaCTOK
YOPYroCTH, BBEJICHA TOYKA Havyasa HarpysxeHus ¢ koopaunarami (0,0).

paSMepHOCTH, MEOWIBOAHEIS OT CTEHAAPTHBIX OFIGIH =1
H=M M .=1m rpag.=deg xH:= 100017

H
MM = tim CM = i MIIa = 106-—2
M

McxopHble aaHHBIE
(peayNETaTkl MCNBITAHWA 0BpaE3UA Ha pacTAHEHHE)

dpg = 4 mm die = 2.6 mm Lp =40 nm E = 2-105-L£Ha
KoopawHaTel Todek guarpammiel

F:={0 200 200 265 2%0 300 2?0)T-MM

AL = (0 100 150 300 500 &00 800)T-MM

MacwtabHele kosdhMUMEHTEl  mp = :25-E ml = 001
ins
F =Fmp AL = AL-ml n = rows(F)  YWCNO TOMeK, CHATRIX

T ¢ aMarpamMmMel n = 7
5 = 5 3 G628 TaS 1.5 675 )l

i
AL =(0 115 3 5 6 8)mm

Mnolaik NonepedHOro cedeHns obpasua
00 WCNBITaHWA nocne paspelBa

2 2
A 8 A ey
= Ee—— = he—rr i=1.1
d 4 & 4

Puc. 431I1.1 VcxoaHble JaHHBIC IS IIOCTPOCHUS THArPaMMBI 1e(OPMUPOBAHUS

HcxoaHble aHHBIE Uil IOCTPOEHHS JUAarpaMMbl UCTHHHBIX HAIPsHKEHHH MPHUBEICHBI HA
pucynke 43I1.1. DToT npumep BBIIOJIHEH C YYETOM pPa3MEPHOCTEH, MOITOMY B Hadaje
JIOKYMEHTa BBEICHBI IPOM3BOIHBIC Pa3MEPHOCTH. Jlanee UCXOqHbIE JaHHBIE.

KoopauHaThl Touyek IuarpaMMbl — BBEAEHBI B BHJIE CTPOKH JUIi 3KOHOMHH MECTa B
JIOKyMEHTE, a 3aTeM TPaHCIIOHMPOBaHEI, Tak kak Mathcad paboTaeT TOIBKO ¢ BEKTOpamMH
(cTonbIaMu vuce), HO He CO CTPOKaMHU.

YMHOXEHHBIE Ha MaclITad JuarpaMMbl KOOPAWHATHI €€ TOYEK YK€ BBIPaKAIOT HAarpy3Ky B
HBIOTOHAaX M a0CONIOTHOE yAIMHEHHe obOpasma B Mmerpax. Jma pacuera HanpspKeHWH

BBE/ICHBI [UIOMIA/IM [OMIEPEIHOr0 CedeHus obpasua 10 nedopmarmu Ay 1 I0CiIe pa3peiBa B

weiike A, .
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ALl =AL-F —+ —— YyeT mogaTnMEOCTHU MalUWHbI
z Eap
1
2 NOAHTIMBOCTE MAWWHEI YaaneHa
i ‘_-—‘;::_::—:-- -.:::.--—-"--
H fi ’.:'
- f’—"’
EH M 2
—pa— : HAQMCOBAHD MaLIWHOKA
2
1
1]
0 1 2 3 4 5 fi 7 8
AL ALL
MM MM

Puc. 4311.2. Yyer noaaTanuBOCTH UCIIBITATEILHON MAIIUHBI

Ha pucynke 43I1.2 noka3an BuJ auarpaMMbl J1e()OPMUPOBaHHS, OCTPOSHHOW MAIIMHOM.
CoOctBeHHbIe yrpyrue aedopMalii MalliHbI, HaKJIAAbIBasCh Ha Jedopmanuu obpasia,
CHJIBHO MCKQ)KAIOT BUJI AMArpaMMBbl, yBEINUIHNBAs €€ HaKJIOH.

Jist ucnpaBneHnst 1uarpaMMbl HEOOXOAMMO BBIUECTh IOJHYIO YIpYryio nedopmanuio u
JI00aBUTH YIIPYTYIO AedopMariio odpasma

L—Lﬁ‘i,
19(#) EA

e 1g(f) = Ai

TAQHTEHC YIJla HAKJIOHAa Yy4YacTKa YIPYroCTH Ha MAIIMHHOM

JuarpaMmme.
BBuny manoctu ynpyrux aedopmaruii o0pasia ynpyras 4acTb HCIPaBICHHOW JHarpaMMbl
(TyHKTHpHAs JTUHHSA) IOYTU COBNAAET C OCBIO HATPY30K.

AL = AL
¥cnoeHele - AL N CMIOBHLE U B
Aechopmaimn SR HANPAHEHrA A
ETHHHEIE Y 3 _—
nedopmalym  SH = nl1+g) WCTUHHBIE ( EH)
HaNPseHa o = (cee
. A Fn
B wedke obpasya gy = ln| — oo =
fn Ay o1 Ay

PacueTHble gechopmaymn M HaNpsKeHUs

MCTUHHEIE
YCNOBHBIE
01 = 81 = i 1

0| hila 0 0| hila ]
385 n.ooz 3849 0.002
385 no14 404 0.014
a27 0.044 441 0.044
arT 0.0sz2 B30 0.088
487 0114 GER 0.104
437 01649 1271 0.862

Puc.4311.3. Pacuer nctuHHBIX AeopManuii 1 HampsHKEHIH

Ha pucynke 4311.3 npuBeneH pacyer yCIOBHBIX U UCTHHHBIX Je(OpMaIMi U HAMPSIKESHHIA.
VCIoBHBIC BEIMYMHBI OTHECEHbl K IEPBOHAYAIBHBIM pasMepam obpasma Ay, u Ly,

UCTHHHBIE K TeKyuM pasmepam A u L.

Ay

Uctnnnble pedopmanuu onpeensiores mo gopmyine &, = In (Tj . [Ipumenenue sToi

dbopMmyasl TpeOyeT 3amepa AuaMeTpa oOpasiia B MPOIECCEe HUCIBITAHWN, YTO OOBIYHO HE
JieTaeTcsi, MOATOMY OHa NPHMEHEHa JIMING JUIS ONpeAeieHus aeopMalud B MOMEHT
paspsiBa oOpasua.
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Jlo obpasoBausi wwieiiku B obpasue ucmoibsyercs apyras ¢opmyna &, =In(l1+¢), e
TpeObytolas 3amepa JuaMeTpa.

& v
HcTrHHBIE HapsKeHUs ompenelsitoTes mo Gopmyne o, =0 -€™, Takke He Tpedyromen
3amepa auamerpa. Jlus ompemeneHuss HanpsokeHHH u aedopmarMii B IIEHKE B MOMEHT
paspbiBa HCIIONb3yeM 3aMepeHHbIH auameTp weiiku d, .

i A
__ ! paspbiBa _

o, = T u &y = In
PesynbraTel pacuera nedopmannii M HanpspKeHWi npuBeneHbl Ha pucyHke 43I1.3, a Bun
JuarpaMM YCJIOBHBIX U HCTHHHBIX HamnpsbkeHud Ha puc.43I1.4. Kax BugHo w3 3TOro

PUCYHKa 1MarpaMMa UCTUHHBIX Halps>KEHUH IpUMEPHO B 5 — 7 pa3 AnuHHEe U B 2 — 3 pasza
BBIIIIE AUATPAMMBI YCIOBHBIX HANPSDKEHUH.

2000
1500
() ‘--
LiIla HCTHHHEIE Hanp A+eHA _,.-n""-
P m—— - --
1000 -.--"-
Oyt -
-
IIa -
- ,"'d
500 /‘
YCNOBHBIE HANRAHEHNA
1] 0z 04 [IR1] 0.a 1

2,8y

Puc. 4311.4. ConocraBiieHre AUarpaMM yCJIOBHBIX U HCTUHHBIX HaIPSHKEHUN

Annpokcumauus guarpaMmmbl 4edopMmMpoBaHns

Jlyist pacdeToB Ha MPOYHOCTHh M JKECTKOCTh B YIPYroIUTACTHYECKOW 001acTH HEOOXOAUMO
3HaTh YypaBHeHHWE auarpammbl jgedopmupoBanusi. Jlins 3toro HeoOxoamma ee
ammpokcuMarus. OTMETHM TpH  OCHOBHBIX  BHJa  ANIPOKCHMAIIMH  JTUATPAMMEI
nedopmupoBanus (puc. 4311.5):

O /JlmarpamMma HWAEaNbHOTO YIPYTOIUIACTHYECKOro Tena (amarpamma IlpaHaTis) c
0OCCKOHEYHO ITMHHOM TIIOMIA KON TeKydeCTH

Ipu €< &, c=E-¢,

Ipu &2 &, o =0,

a I[I/Ial"paMMa YOpyromiacTuieCkoro teja ¢ JIMHEHHEBIM YHOPOYHCHUCM

Ipu €< &, oc=E-¢,

Ipn £2¢,

oc=0,+E - (¢6-¢,),
I'me E;— momyns ynpounenus;
Q [uarpamma ynpyromiacTHYECKOI'O TeJla CO CTENEHHBIM YIIPOUHEHUEM

Ilpu e <¢, c=E-¢,

_ m
Ipu e>¢g, c=0c,+A-¢",

I'me A 1 m — smoupudeckre K03 OUIHMESHTHL.

[Tomyuerne ypaBHEHUH I TMHEHHON M CTETICHHOW alIPOKCUMAIIHH [TOKa3aHo Ha puc. 5.6.
JluneiiHast anmpokcuManus 3aMEHsSET paccMaTpUBAeMbli Y4acTOK AvarpamMmbl HPSIMOMR
nuHuel. CTeneHHas annpoKCUMAIs — KPHUBOH.
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[
i

0 €

Puc. 43I1.5. Anmpoxcumanust quarpaMmel gedopmupoBanust (1 — nuarpamma [panams, 2 —
JTUHEWHOE yIIPOYHEHHE, 3 — CTEIIEHHOE YIPOYHECHHUE)

B paccmarpuBaeMoM IpuMepe Ui PacyeToB B OOJACTH MaJbIX YIPYTOIUIACTHYECKUX
nedopmanuit BBIOpaH y4acToK AuarpaMmbl JeopMHUpOBaHUS OT Ipejesia TEeKyuyecTH [0
npejesna IPOYHOCTH.

[Ipu nuHeiiHOM annpokcuManyuy ko3(G(GULUEHTs ypaBHeHUs IpsAMoi uHuy o =a+b-¢&
OTPEJeISIFOTCS. € TOMOIIBI0 BCTpOeHHOH QyHkumu perpeccun line. Ilpu crenenHoi

annpokcuManun KodhuumenTsl ypasHerns o =a+b-g% onpenensores ¢ momouiso
¢byukmun pwrfit, Tpebyromieit HayaspHOTO MpUOIMKeHUS Ko3(h¢uimenToB. Haubomee
yI00OHO M TMPOCTO HMCIOJB30BaTh SISl CTENCHHOW anmpoKCUMalu (QYHKIHIO regress
(puc. 431I1.6 BHU3Y).

Oyukis  pwrfit  mo3BonsieT  3ammcaTh  AHANWTHYECKOE BBIPAKCHHE, OINMCHIBAIOIIEE
Jquarpammy nedopmupoBanus. OyHKIMs regress He AaeT aHATUTHYECKOTO BhIPAXKCHUSL.

BHUMAHUE

OyHKIUM perpeccuy He MOTyT padoTaTh C Pa3MEPHBIMH eIMHHIAMU. UTOOBI cienaTh nx
6e3pa3MepHBIMHU, HANpsOHKEHHs, BXOAAIIME B IMapaMeTpbl (yHKIMH, pas3JeleHbl Ha
Pa3MepHOCTb.

ANpoKCcMMauMa WCTUMHHOW Auarpammbi
AnA manbix gecdopmauunii (ot 0 Ao o)

REAIES  E | olg: . =0y Elgpe mi=tgE

IMHelHaA annpokcuMaumra

2 h_n[ ] GlH] (o) 3 2 394
= line| g1, —— T El) = a+hb-g =
b % 4 TTa T b 2623

(CTEeNeHHaA annpokCHMaLmA

100000 3 154 % 10°
Cly
Eo=| 05 |CEEEESE Gty
B { M T ] 0.73
40 363.47
AT Az
Cerent®) = A3+ A)€ el =0,001. 8091

ANNPOKCUMALMSA C NOMOLBH YHHLWK regress
(Hawbonee yaobHa NoK MCNONE30BaHWKY Mathcad)

o 1l
G]‘nterp[ﬁl,] = mterp[regress[slmﬁz ,2] ,EIH,GlH,El]

Puc. 4311.6. Anmpoxcumanust guarpaMmel aedopmupoBanust B Mathcad
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a00

oly

MIIa
s0 e
Terenlzl)

a0

400

Ol 21)
Uﬁnmp{slj
MITa 200

0 0.02 0.04 0.06 0.08 T R T

gly,. el
Puc. 4311.7. JIuneiitHas ¥ CTETIEHHAS aIPOKCHMAIMN AUArPaMMBbI 1e(OPMUAPOBAHNUS

Pe3ynbraThl anmpokcuMaiy auarpaMmmal qedopmMupoBaHus okasansl Ha puc. 4311.7.

B mpouecce pacueroB B yNpyromiacTU4ecKold OOJIaCTM 4YacTO BCTaeT 3ajada BbIOpaTh
ANTPOKCUMAITUIO TUATPAMMEI JIe(hOPMHUPOBAHUS 0e3 MPOBEACHUS HCIIBITAHKS MaTepraia Ha
pacTshKeHHe.

B CIIpaBOYHUKAX, KaK IMpaBWiIO, IPUBOAATCA 3HAUYCHHUA MPCACia TCKYUCCTU MaTepualla U
npenesaa MPOYHOCTH, MO KOTOPHIM MOKHO MPHUOIMKEHHO 3a/1aThCsl amnmpoOKCUMAIUeH
JarpamMmMsl 1e(hopMUPOBaHUSI.

Jna nuHeHHON ammpokcuManuu TpedyeTcs 3HaTh KOOPAMHATHI ABYX TOUYEK IHArPaMMBI.

Hanpspkenust o, u o, OepeMm u3 cipaBounuka. Jlepopmanusamu 3agaemes. g npenena

o
TEKY4eCTH &, :ET~ 0,002 . Insa npenpena npounoctu Gepem &, ~0,1. Dro 3nHaueHue

OYEeHb HETOYHOE, HO, KaK MOXXHO YBHJETb M3 pacyeToB, NPHBEJCHHBIX B INaBe §, maxe
Oonpmas ommOKa B ypaBHCHHU JHAarpaMMBbl Ae(GopMUPOBaHHS BEIET K MaCHBKOW OITHOKE
B BBIYHCIICHHSX.

[t cTeneHHOoi anmpoKCUMAalM| THarpaMMbl 1eOopMUpOBaHUs TpedyeTcs MHHEMYM 3 — 4
Toukd. VX HeT, Mo3TOMy K CTENEHHOW allpoKCHMalWH Jiydine He oOpamarbes. s
OONIBIIMHCTBA PACYSTOB 32 IMPEACIIOM TEKyYeCTH BIOJHE JOCTATOYHO JIMHEHHON
aNMpOKCUMAIUN M Jaxe auarpammbl [IpaHnrins (¢ OECKOHEYHO IMHHOW IIIOMIAIKOM
TEKYYECTH).
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[Mpumep 44. PacyeT TOHKOCTEHHOW OBOOYKN,
(Mporpamma 44-obolochka1.mcd)

Jnst  00onouky, cocTosmed w3 TpeX dYacTel: KOHWUYECKOW, MWIWHAPUISCKOW |
chepuueckoii (puc. 44I1.1), npu 3a7aHHBIX TA0APUTHBIX pa3Mepax U BHyTPSHHEM JaBJICHUN
HaWTH TOJIIMHY CTCHKH.

.IL ¥
PEIMEPHOCTH b
m=m cwm:=00lm mm=0001m : fa
¥H = 100017 o 106 N ! .
arm = 0.1 MIIa 4= i3 :
o I
: Gl
UCXOAHbIE AaHHbIE : ‘r‘r.gun
tp=20cum & =1lmm p=1arm :
I
| 3
Liog = 20.cu Lipn = 50-cm I &
: LNDH
Cpop = 100-MIa Y
I
PacyeT paguycos
] .
o = atan r(y) = |t i v < Lypy
oH 0
(¥ ti i Lgeom £ ¥ < Lycom + Lopan

2 2 :
\/ |1'D = [[Y = LI{DH) = Imm] ‘ otherwise
Puc. 44.1. Cxema 000JI0YKH M UCXOHbIEC JaHHBIC K €€ pacyeTy

Pacyer BemeM C yderoM pa3sMEpHOCTEH, MOITOMY B Hadane IOpOrpaMMbl NPHUBEIEHBI
MPOU3BOIHBIC PA3MEPHOCTH.

Py Pt )
Gt(p,rn,5,y) = B if y < Lyon Gm[p,rn,5,y) = p-m if ¥ < Lyon
TR LA
p'g if Lyom = ¥ < Lo + Lipmn p-% if Lyom = ¥ < Lo+ Lipmn
£ 1] £ 1]
——  otherwise —— otherwise
26 2-6

L %
L=Liou+Lipm+rn L=12m y:= U-CM,5..L Ga[p,rU,B,y) = ot(p,rg,a,y)no 3-ef rMnoTese

Ga[p,rn,B ,y) = \/ ‘Gt[p,rg,ﬁ ,y)z + Gm[p,rg,ﬁn ,y:l2 - Gt[p,rD,B ,y)-cm[p,rg,B ,y)‘ no 4-0d rMnoTese
EBKNHYHTE BeIpaHeHWE B DamMEes

Puc. 4411.2. PacueT HanpsHKEHHUIA B TOHKOCTEHHOH 0007104UKe

Jlanee npuBeneHbl UCXOAHbIE TaHHBIE AJs pacdera (puc. 4411.1): paguyc nuaMHIpUYIECKO

qactu [ , 1aBJICHUEC p , JJIMHBI L[I/IJ'IPIHZ[IZ)I/I‘-IGCKOﬁ M KOHHYECKOH yacTeil 00010uku L n

KOH

L, » TpuOIIKEHHOE 3HAYEHHE TONLIMHBI 000J10YKH O (nns BBIBOA MPOMEKYTOUHBIX
PE3YNIBTATOB PACYETOB), OMYCKAEMOE HANPSIKEHUE G -

s moctpoeHns TpadUKOB HANpPSHKCHWH HaWIeHa 3aBHCHMOCTBH PaJnyca IMOMEpPEeYHOro
ceuenuss obonouku (YY) or koopaunatel Y (BIOJIL OCH OOONOYKH) IS KOHHYECKOH,

LWIMHIPUYECKOH M cdepuyeckoil dvacteil oOomouku. HalineH pamuyc KpHBH3HBI
KoHM4ecko yactu p,(¥y) .

[pu Beuucnennu pamuyca 7(y) chepuvecKoil YacTH MOAKOPSHHOE BBIPAKEHHE B3ATO I10

MOJYJIIO, TaK Kak B IPOLECCE BBIUUCICHUHA IPH PABEHCTBE HYIIO MHOJKOPEHHOIO
BBIPKCHUS! MAIIMHHBIA HYJIb OKPYIJSIETCS TO B MOJOXKHTEIBbHYIO, TO B OTPHLATEIBHYIO
CTOpPOHY, IIPH 3TOM NPOTpaMMa BBIIACT OLINOKY.

Hanpsokernss B TOHKOCTEHHOW 00onouke ompenensiorcs 1o ¢opmyne Jlamraca

(e (¢
St O%m _P

Pr Pm O
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BBIpa)KCHI/ISI MUl TaHICHIOHUAJIbHBIX O, W MCPHUIHNOHAJIbHbBIX HaHpH)KeHI/Iﬁ (& KakK H"

m»
pamuyc 7(y) 3amucaHbl B BUAE HOAPOTPAMM.

[Ipu 3ammcu mporpamMM C YCIOBHSIMH HAaiO CTPOTO CIEAWTH, YTOOBI OBIIH OIpPEIeNeHBI
3Ha4YeHHs (pyHKUMM NP BCEX 3HAYCHHSAX apTyMeHTa, YAeisis 0co0oe 3HaueHHe 3HaKaM < U
<

Ilo 3HaueHmsIM G; U G, OIPEACIAIOTCA SKBUBAJICHTHBIC HAIIPSDHKCHUA 110 TpeTbeﬁ WA 110

YEeTBEPTOH THUIOTE3aM IMPOYHOCTU. BbIpaskeHWe Ui 3KBHBAICHTHBIX HANpPSDKEHUH IO
YEeTBEPTOH THUIOTE3€ B MPOTPaMME BBHIKIIOUEHO. BKIIOUMTE €ro M IMOCMOTPUTE Ha
pe3yNbTaThl pacueTa.

Bce BEIpakeHHs IS HAIPSDKCHHH 3allMCaHBl ¢ YeTHIPbMs mapamerpamu o(p,7,0,Y) .
Takast ¢opma 3amucu JenaeT mporpaMMy pacueTa yHUBEpPCAJIbHOW, ITO3BOJISIA ONPEICISTh
HaIPSDKEHNUS TIPH JTI00BIX 3HAYSHUSIX 3TUX I1apaMeTpoB.

25

Ut(p .19, 8 ,5’)
MITa
T
Um[p .10, 8 ,y)
MITa

LR N NN
Ua(p,rn,ﬁ,y)

ITa
It

¥

CM

OnpeneneHHe ﬂOHchaeMOﬁ TONWKHBI 060NO4YKK Apyv 3agaHHOM AaBneHWK p = J.arm
&= 1mm Given Ga[p,rU,B,LKDH) — Cpgp = 0 Bnon[ParU) = Pind(B) Bgon[P:rU) = 1mm
0npeneneHHe AoNyCcKaeMoro nagneH4a npu 3agaHHOW TONLWKMHE 0BONOYKK &= 2-mm

p o= latm Given Ga(p,rg,B,LmH) — Cpon =0 pmn(ﬁ,ru) = Find(p) pmn(ﬁ,rn) = 10atm
Puc. 4411.3. PacnpenenieHre HanpspKeHUH BIIOIb OCH 000JIOUKH

Ha puc. 44I1.3 noka3ansl rpaduku H3MEHEHMs HampskeHudl o©,,G,,,G, IO MIIHHE

000J109KH TIpY 3aJaHHBIX B HAYaJIC IIPOTPaMMBbI 3HAYCHUAX p, I’O ) 5 .

Ha Tom e pucyHKe BHH3Y MOKA3aHO ONpEeJCHHE U3 YCIOBHUS MPOYHOCTH JOMYCKaeMOil
TONMIMHBI OOONOYKA ¢ TMOMOIIBI  BBIYMCIMTENbHOro Oioka given —  find.

BbluMCIUTENEHOMY GJIOKY TIPEIUIECTBYET HAYalbHOE MNPUOIMKEHHE TOMIMHBL O .
Bapeupyst ucxomnsle 3HaueHuss P u [, MOXHO OIPEAEIHUTH AOIYCKAEMYIO TOJIIMHY

0007109k O, TPH JTIOOBIX 3HAYCHHUAX ABICHUS U Pauyca 0O0IOUKH.

JI011

U3 yCI0BUA NPOYHOCTHU MOKHO OIPEACIINTG W JaBJICHUC p IIpH 3aJaHHBIX TOJIIIUHE 5 n

pamuyce I, .

Oynkius root ¢ monoOHON 3amadueil He crpaBmiIack. B cmiry ocoOeHHOCTEH BHYTPEHHETO
aropuT™Ma 3TOoW (YHKIMHM OHA BBIBOJMT pe3yJbTaThl pacyera JaleKko He Uil BCex
3HAQUYEHUUN apryMEHTOB.

[lenkuure mnpaBod KHOMKOM Mbimk Ha ciaoBe find. B KOHTEKCTHOM MEHIO ecTh
BO3MOXKHOCTh BbIOOpa criocoba pemieHusi cucteMbl ypaBHenwii: Linear wim Nonlinear.
Beibeputre nro0oii u3 Tpex wmeromoB Nonlineer. Takoli BO3MOXHOCTH HET MpH
UCIIONIb30BaHUU (YHKIIMH rOOt.

Ha puc. 44I1.4 BeIBemeH TpexXMepHBIH TpauK 3aBHCHMOCTH [OITyCKAEMOM TOJIINHBI
000JI04KH OT JaBlieHHs1 U pajuyca obonouku. ['paduk mocTpoeH Mo MaccuBy 3Ha4YCHUIA,
coszmannomy ¢ynkmumeir CreateMech, mapamerpamMu KOTOPOW SIBIISFOTCSI TOITyCKaemast

TOJIIMHA &, W YMCJIOBBIE IMANa30Hbl H3MEHEHHs NaBjieHus ) u panuyca obosnouku I .

Psnom ¢ rpadukom BeIBEICHBI TAOIHIbI 3HAYEHUH &\ V1A pasaudubX P u [).
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= CI’E!atE:ME:Sh(E-nUn,0.01-3TM,5-E{TM, 1-CM,50-CM)

SRENCHMOCTE TOALYHHE! 0T p 1 10 p=05arm, l.arm. S.atm 1= Scm, 10cm.. S0-cm
= 5HDH[3-ETM,I’D) = S qonlp, 30 cu
—5 ch | 015 nom ? atn | 025 mm
10| 0.3 B 0.5
18] 0.45 |15 078
| 20] 0.6 2] 1
25| 0.75 | 25 125
30| 04 El 15
E3 1.05 Ed 175
a0 12 4] 2
45| 135 |45 2.5
5 | 50] 15 | 5] 25
p = 01arm, 02 atm. 4 arm
2
B gon(p, 50-con)
MM
D 0 1 2 3 4

Puc. 4411.4. Pe3ynpTaTsl pacueTa TOHKOCTCHHOW 000IOUKH

Brusy puc. 4411.4 BeIBEIEH IBYMEPHBIN rpa(rK 3aBUCUMOCTH O, OT P .

OOparutre BHUMaHHME Ha 3alMCh JAMAla30Ha 3HAYEHWH [UCKPETHOH NEpeMEHHOH ¢
Pa3MEpHOCTBIO ¥ YHCIICHHOTO apryMeHTa C Pa3MEPHOCTHIO.
Ha pumc. 44115 npuBeseH pacuer pagWaidbHBIX IEpeMEMIeHH 1o  QopmyIe

L(pr pry Ar .
& =—| ——-0,3—=|=— Ilepememenus Ar OIpPENeAIoTCsT IJI HOIyCKaeMOU
E\J 20 r

TOJOIMHBI 000JI0YKH.

YUT00BI OmpeenuTh MepeMeIIeH sl TPH WHOW TOJNIIHHE 0OOJIOUKH, €€ HAJ0 3aJaTh BBIIIC
MECTa OTIPECIICHUS TePEeMEIICHUI.

DHPEAEHEHHE pagnaneHoOro NnepemMelleHMA To4YeK 08 0nNoYKK
e B Lo RN mewem e 8 gonl P >t0)

&r[p,rn,ﬁ,y) = %.[Gt(p,rg,ﬁ,y) = M'Gm[p,rﬂ,ﬁl,y)) & = 1um

K MNOCTROESHUID NOBEPXHOCTH oBono4yku

finap(v) = CylEXer[vD,vl ,vzj nepexo K UMIMHARKYeCKMM KoopouHaTam

2.8
Arlp,10,8,5) 107" + r(y) NOBEIHOCTE LMNMHAPMYECHOI

Ely ¢) = i oB0NoYKK Nocne 4edhophaLmi
5 S = CreateMesh(K .0 1.0, 2.7 finap)
£(5) NOBEQXHOCTE LANMHLPUHECKO
( )__ 0BONoYKK A0 AehopmaLIi
SehhT @ e N i Rastleel
y = RealeRlesh e bt THINER! piMathcad 13

Puc. 4411.5. OnpeneneHue paguaabHBIX MEPEMEIICHUN 000T0UKH

Ha puc. 44I1.6 BbIBeZieHBI 3HAUCHMS! PACCUMTAHHBIX MEPEMELICHUI M MOCTPOEH rpaduk
MOBEPXHOCTH 000J04kM g0 W mocie paedopmaruu. I[loaroroBka K MOCTPOSHHIO
MOBEpXHOCTU mNoKazaHa Ha puc. 44I15. IlpousBeneH mepexon OT MPSIMOYTOJBHBIX K
UUJIMHIPUYECKAM KOOPAMHATAM C IMOMOIIBIO BCTPOCHHOH (yHKIMHU CYI2Xyz, koTopas
Bxoaut mapametpom B ¢yHkuuio CreateMech, cosmaroryro maccuB 3Ha4YeHHH IS
noctpoeHus moepxHocTH. [lapamerpamu ¢yakuun CreateMech ssmsiores K —
(YHKIMS TTOJIIPHBIX KOOPAWHAT ITOBEPXHOCTH, TIPEJIeNIbl N3MEHEHHsI KOOPAMHAT 110 YIJIy U
1o 1Mo ocu 00004KH, QYHKIHSI peodpa3zoBanus koopauHat fmap.

Ipomexyrounas pyukuus K(y,0)3amaer BEKTOp KOOPAUHAT TOUEK MOBEPXHOCTH (CBEPXY

BHU3: BIOJb Paguyca, o YTy, 0 OCH 000I0YKN).
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pagnaneHsle NepemelleHA 0BonoyYkr

¥ = r’-‘lr(p,ru,ﬁ,y) :

| 0| cm 0] mm
i g 12 0.021673
| 24 0.043346
| ﬁ 36 0.06501 &
& f 48 0.086631
G0 0,085
H 72 0.085
3 a4 0.085
95 0.085
108 0.035
120 0.035

PacyeT pacnopHoro Konbua

4= Op(p,10,8,Lipgn)-8-sinlc) g = 18,57 2
i
a0

2
AKD_‘I]];.]’_‘[& = AKDJH:-HE. =0371cm

Sron

Puc. 4411.6. Bun o6o0uku 110 U nocie aedopmannu

[TockonbKy paguanbHble TEpeMEIleHHs OOOJOYKM Majbl, Ul HarIAHOCTH OHH
YBENIMUEHBI C IOMOIIBI0 MacmTabHoro kodddurmenta 10>°. Takas ¢dopma 3ammcu
MacmTabHOro K03 duIMeHTa o4eHb yaooHa. OHa TO3BOJISAET, MCHSS ITOKA3aTellb CTEIICHH,
OBICTpO MeHATH MacmTab rpaduka.

B 3akmroueHne pacuera oOIpeAeneHa IUIOMAAb pPAcIOpHOTO KOJbL@ JUIl PasTpy3KH
0007104YKM OT W3rHOArOIMET0 MOMEHTa, B MECTe IepexoJa OT KOHHYECKOH K
ITHHIPUUECKOH YacTH 000I0UKH.

[omyunnace syeranTHas ¥ yHUBEpCcaJlbHas IporpaMMa Ui pacyera 000 TOHKOCTEHHON
obonouku. Jlns  00ONOYKHM, COCTaBIEHHOM W3  JIPyrMX DJEMEHTOB, BHECUTE
COOTBETCTBYIOIIME U3MEHEHUS B IOANPOrpaMMbl ONPENEICHUs HANPSDKEHUN U PajlyCcoB
KpuBH3HBI Ha puc.4411.1 u 44I1.2.
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[Mpumep 45. OnTMMmn3auus pacyeTta
KPOHLUTENHaA.

(Mporpamma 45-optimiz1.mcd)

Ha puc.4511.1 moxa3aH KpOHIITEHH W3 JBYX IIAPHUPHO COEIMHEHHBIX CTEp)KHEH. YTibl
HakioHa crepxHed &l um 2. Uepes 610K HepekHHYT Tpoc. YIJbl HAKIOHA TPOCA:
L1 =180° (rpy3 Bucur sepruxansuo) u 2 — nepemennsiii. TpeGyeTcs onpeenuTs:

—_—

Tnowany cedeHuil crepskHell U3 ycnoBus npoyHocTd ol =02 = [6]

2. Yruibl HaKJIOHA cTepkHeH ol ¥ 02 U3 yCIIOBHS PaBEHCTBA HANIPSHKEHUN B CTEPIKHSX

3. Yrael oy u By U3 ycI0BUS MHHUMAIBLHOTO BECA KPOHIUTEHHA

m B,

Puc.4511.1. PacueTHas cxema KpoHIITEHHA

daxTrueckn 34€Ch pacCMarpuBacTCa TpU CAMOCTOATCIbHBIX pacy€ta CO CBOUMU
HCXOJHBIMU JaHHBIMHU.
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001m mmo= 0001 m MIa = 10
I000H sr=kz rpag .= deg

_ . 6 M
M=m CM: =

m

H=HN H:

Moabop nnowaaen cedeHUH NPK 3agaHHbIX Yrnax
McxoaHble paHHbIE

T=10H oOpgp = 100MIa p = 8000-53
M
cil ;= 30-rpag o2 = 120rpag Bl = 180.mpag B2 = 210 rpag

Nl =10H MN2:=10xH  Gwen

Nl-cos[osl) + N2-cos[0£2) + T-(cos(ﬁl) + cos(|32)) =10

11 sinl 1) + M2 -sinl @2} + T-(einl p1) + sinlp2)) = 0
7 = Find(N1,N2)

M1

1 = Za Al = u Al = 1.866 CM2
Snon
2

N2 = 2 A2 = u A= CM2
Snon

Puc.4511.2. ITon6op nomiazeit ceueHui U3 yCcaoBUs IPOUHOCTH

B Hauwase mporpaMMbl BBEAEHBI NPOW3BOJHBIC Pa3MEPHOCTH. 3aTeM peIIaeTcsl IepBas

3a/ava: moa00p IO CEUYCHUN CTePIKHEH U3 ycIoBHS pouHOoCTH (puc. 4511.2).

Bce yrust HakitoHa 3amanbl. C TOMOIIBIO BEIUHCIHTENbHOTO O10Ka Given-Find u3 ycmouii
PaBHOBECHSI OTPEEIIAIOTCS PO 10sibHble yerauss N1u N2 B crepxHsX. 3aTeM U3 yCIOBHS

[IPOYHOCTU OIPEAEIAIOTCS IUIOLIAAN CEUEHUN CTEPKHEM.

Bropas 3amada: monoOparh yIJibl HakJIOHa CTEpP)KHEH M3 YCJIOBHS PaBHOIPOYHOCTH
crepxkHelt (puc. 4511.3). Ha aToT pa3 3aaHbl yIiibl HAKJIOHA Tpoca M JuameTp crepykHei. C
MOMOIIBIO BBIUMCIMTENBLHOTO O10Kka Given-Find u3 ycioBuii paBHOBECHS OIPEAEIAIOTCS
YIJIbI HAKJIOHA CTepKHed U npojonbHble yeunuss N1u N2 B crepxkHsx. JJONONHUTENBHO B

BBIYUCIUTENBHBIN OJOK BKIIIOYEHB PAaBEHCTBO YCWIIMH B CTEPXKHAX (OIWH CTEp)KEHb

pacTsAHyT, APYTOH CKaT) ¥ YCIOBHE IPOYHOCTH.

Moabop yrnoB HaknoHa cTepXHed al U o2 13
YCNOBWA paBeHCTEBA HANPAXKEHWA B CTEPIKHAX

MecxoaHble AaHHbIE

2
d
T=108H  Opoy= 100MIa d:= 2.cm it “T

BRSNETE. (RS o34

cel = 30.rpag 2 = 120.rpag (iven

W1coslal) + 192-cosla2) + T-{cos( p1) + coslp2)) = 0
W1sinlal) + M2sinl a2} + T-(enl p1) + sin{p2)) = 0

ol = 87.094 rpag

Nl=-I2 Nl=ogpa An=A npoeepry BeIBENEHE!
M1 N2 Ay momHo yEpaTe
% ol 1.52
oz N1 N2
= Pmd(oﬂ,-:n.gz,E E] wz | 2.145
= 1 31416
e M2 —-31.416

PESMBDHOCTM BblpaBHeHEI, Tak Kak BCe BENWHMHEI B
MacCHBax AOTHHEl MMEeTe OOWHAKOBYD pa3MepHOCTE

2 = 122906 rpan

Puc.45I1.3. Onpexenenne yriioB HaKJIOHA cTepxkHel u3 ycnoBuss N1 =-N2
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Mouck yrNoe a2 1 P2, NPHU KOTOPBIX
Macca KpOoHLITeWHA MMHUMAaNbHA

McxoaHble AaHHbIE
Lli=2m L2=3m T:=10xH Gpoy = 100NMIa

ol = 30rpan Bl = 180rpan p = 8000.53
M

OnpeaeneHne NpoAONbHbIX YCUIHA
Ml.=10gH N2 .= 10xH Given

Nl-cos[o&l) + NE-COS[O&Z) + T-[cos(ﬁl) + cos(BZ)) =
11 sinl 1) + M2 -sinl c2) + T-(sin{ 1) + sinl p2)) = 0
7l 2) = Minerr(N1,102)

NI[OLZ,[32) = Z':OEE,BE)D Al[ot2,[32) o |N1(@2352)|
Cnon

NE[O&Z,[32) = Z(&EJBE)I AE[O&2,B2) = |N2(@2352)|
Cnon

Macca KpOHLIJTEIHHa
mlaz p2) = platlaz, p2) L1+ a2(a2 p2) 12)
Given  90.rpag < @2 < 180.rpag  1380.rpag < B2 < 270.rpag

o (%) 126
— Minimizelm, @2 p2) = [ ]r'pa,u
B2 B2 240

mia2, p2) = 28:r  41(a2 p2) = 173200 42(02 2) = Ocu’
Puc.4511.4. Onpenenenne yrinoB 0.2 M 32 u3 ycnoBHs MUHUMAIIBHOM MacChl KDOHIITEHHA

Tperbst 3amada: 3amansl aBa yrima (mroOsie). Haiftm nmpyrme nBa yria W3 YCIOBHUS
MUHUMaJIbHOI Macchl KpoHIITeHa (puc. 4511.4).
C moMoIIBI0 BEYHCITHTENBHOTO Oiloka given-find ompenensroress MpoOmoIbHBIE YCHIIHS

N1 u N2 B crepxusax, miomanu ceuenmii crepxneit Al m A2 (u3 ycnosus
IIPOYHOCTH) M Macca KpoHmTeitHa M = z p - A-L. Mepemennsie yrmet @2 u 2

3aIUCHIBAIOTCSI B MapaMeTpbl BceX (DYHKILMHA, KOTOPBIE JOJDKHBI M3MEHSATHCS B IPOLIECCe
MmoucKa JKcTpemyMma. [l OTBICKaHUS — 3KCTpemyMmMa  (DYHKIMH — HCIIOJB3YeTCS
BBIYHCIIUTEbHBIA OOK given ¢ ¢yHkiued minimize s OThICKaHUS MUHHUMYyMa WIH C
¢dyHkIpei maximize mis oTbickaHus MakcuMyMa. B kauecTBe nmapamMeTpoB 3TUX (YHKIMNA
WCTIONB3YIOTCS NMS 11eNieBoi (yHKIMH (6e3 mapaMeTpoB) U IEpEMEHHBIE TTONCKA.

IIpu HanMYMK OTPaHUYCHUI HA TOMCK HAJMYKE KIIFOYSBOrO CIIOBa given obs3artensHo. [pu
OTCYTCTBHY OTPaHUYCHUIA CJIOBO JiVEN MOXKHO OITyCTHTb.

Kak u Bcerya npyu MCIONBE30BaHUU BBIYUCIHTEIBHOTO OJIOKa CO CIOBOM givVen mepea HUM
3aJal0TCsl HAUaJIbHbIE IPUOIMKECHUS BCEX TIEPEMCHHBIX.

KonuuecTBo mepeMeHHbIX MOMCKAa MOKET ObITh M0ObIM. Ho yuTHTe, 4TO Bpemsi momcka
SKCTPEMYMa BO3pacTacT MHOIOKPATHO IPU BBEIEHUM KaXI0il HOBON nepemeHHou. Ha
IMPaKTUKE MOKHO HUCIIOJIb30BATh 1-3 IMCPEMCHHBIC. Ecnu BBI He cniemInuTe U B COCTOSTHUH
MOJ0KJAaTh OKOHYaHHs TOMCKa, MOXXHO BKIIOYWTH M OoJblie mnepeMeHHbIX. OcoOeHHO
BCJIMKO BpEMsA IIOMCKa, C€CJIW TIpU BbIYUCICHUU LleJ'IeBOﬁ q)yHKLII/II/I HCIOJIB3YIOTCA
HHTETpaJibl, HapuMep, HHTerpasl Mopa.

B Hameii 3agade ¢yskips Minimize BBIBOIUT ONTHMAIBHBIE YIINIBI, C YYETOM KOTOPBIX
OIIpeieIeHbl Macca KPOHIITEHHA U IUIOMIAIN CEUCHHs CTEPXKHEH.

[Ipoananm3upyem pe3yibTaTbl IOWCKAa Ul PAacCMOTPEHHOHM CTep)KHEBOH cucrembl. B
pe3ysbTaTe NOMCKa MOJTyYHIIH, YTO IUIOIAAb BTOPOTO CTEPXKHS paBHa HyJr0. Kak Obl MBI He
MCHSJIM TIEPEMEHHBIC IOMCKa, BCE PABHO ONTHMalbHAS IUIOMIAJb BTOPOTO CTEPXKHS
0CTaeTCsl paBHOHN HYITIO.

Criacnbo KOMITBIOTEPY 3a pa3yMHYIO MOACKa3Ky. ONTHManbHOE pemieHne (HanMEeHBIITHI
BEC KPOHIITEHHA) COOTBETCTBYET CIIy4ar0, KOTJla BEKTOP T'€OMETPHUYECKOM CyMMBI ABYX
yewnuit | HampasneH Boib crepxkHs 1. Torma BTOpoil cTepkeHb oOcTaeTcs
HEHarpy>XeHHbIM (HEHY>XKHbIM). JleCTBUTENBbHO, camas pa3yMHas MOJABECKa OJoKa Ha
OJTHOM LIAPHUPHO 3aKPEIICHHOM CTEpPIXKHE.
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[Mpumep 46. OnTUMarnbHbIN pacyeT
cdrepnyeCcKon KPbILLKMW.

(Mporpamma 46-optimize2.mcd)

Cocyll BBICOKOTO JaBJIEHHS TE€pPMETHUYHO 3aKphIT cepuueckord Kpbimkoi (puc. 46I1.1).
Jlanenue B cocyne [), nuamerp cocyjaa 2F,, TOMIMHA KPBIIKH O HEU3BECTHA, HO

JAOJKHA YAOBJICTBOPATH YCJIOBHUIO MPOYHOCTH. Tpe6yeTc;1 OIPCACIIUTDL paaAnyC KPUBU3HbBI

kpeiikn R, ipu kotopom macca kpoimiku M(R) Gyner MunuManbHOM.

o

A
v

Puc. 46I1.1. Pacuyernas cxema cepruueckoi KpBIIIKN

Pacuer kpeunku npuseneH Ha puc. 46I1.2. Macca xpeimku M(R) = pS(R)J(R). B
3afaue, 3a7aBasch PaldMyCoM KPUBM3HBI KpBIIIKK R | Halinem mocnenoBaTensHO TOMIIMHY
kpeunku O (R) w3 ycnosus mpounocTH TOHKOCTEHHOM OGONIOUYKH, BBICOTY KPBIIIKH
H (R), nromans nosepxnoctn xpeimku S(R) u maccy kppmkn M(R) .

MUHUMATIBHYIO MAacCy KpBIIIKH HAXOAWM C MOMOIIbI (GyHKiuu Minimize. Tlockonbky
HHUKaKAX OTPaHMYCHUH Ha MAcCy KPBINIKA HE HAKIAIBIBACTCS, KIOYEBOE CIOBO given

mucaTh Heobs3aTenbHO. TpebyeTcs 3ammcaTh TONBKO HadanbHOEe NpHOMMKeHHe R n
¢dyHukipo minimize. Cnexyer OTMETUTh, YTO ONTHMAIBHOE 3HAUEHHUE PAUyca KPUBU3HBI

kpeikn RR ue 3aBucur ot nasnenns P .
HMcxoaHble AaHHBIE

p=1MIla Gpup'=100MTa rp=10em pi= 7"800-£3

Ui
no copryne MNannaca 113 TeOMETDHH KDEILLKKM
B(R) = iRy w(R) = asm[g] W(R) = R - R.cosla(R))
o L
S(R) = n.[h(R)2+ 2-r02) m(R) = p-S(R).&(R) MACCa KPEILLKA

MoucK pagMyca KpbIWKK, COOTBETCTEYIOLLEro
MMHUMANBHOW MAcCe KPbILKK

E =350 ER = Winmize(m E) ER = 108cm

m(RR) &5 h(RR) 6.8cm E = g, + E o 21’|:|

1.2

1.05 f—
mi{R) 0.9
0,75 &

0.6

Puc. 46I1.2. Pacuet chepruaeckoid KpbIIIKA

Ha puc. 46I1.2 moka3aHa 3aBHCHUMOCTb MAacChl KPBIIIKH OT OTHOCHTEIBHOTO pajanyca

KPHUBU3HBI KPBIIIKH R/ I, . Ha rpajuxe xopomo BujieH MUHUMYM (DyHKIMH.
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Mpumep 47. Nogbop Harpy3ok no
nepemeLlleHmnam banku.

(Mporpamma 47-optimize3.mcd)

PaccMoTrpum mpumep oOpaTHOI! 331241 ONITHMAIIBHOTO [TPOSKTUPOBAHMUSL.
st xoHCONBHON Oanku mpsMoyronbHoro cedenust (puc. 47I1.1) 3anansl nepemerieHus B

Tpex Toukax mocie aedopmanuu AMO =2 mm, Ap = —1 mm, A,:2 =1mm. Tpebyercs

mo00paTh HArpy3Kd, JEHCTBHE KOTOPHIX Ha O0alKy BBI30BET IOSBICHUC 3aJaHHBIX
HEepEeMEILEeHUH.

XapakTepoM Harpy3oK 3aJaeMcsi: IPUIIOKUM Hapy CHJI Ha CBOOOJHOM KOHIIE, U JIBE CUIIBI B
TOYKax, TA€ 3aJaHbl nepemenieHus. [Ipyn Tex ’Ke IpaHWYHBIX YCJIOBHSX HArpy3kd MOXKHO
3aJaTh JIIOOBIE U B JIIO00H TOYKE, HO C yYETOM 3[paBOro CMbICHA. Bexs MOXXHO BHIOpaTh
TaKHe Harpy3KH, KOTOPbIE HE MOTYT CO3/IaTh 33laHHBIA POQMIIL YIPYTOii ocH.

il

— N
F, F, N
. , N
Ly 5
- > :
L .:.:-=D i i L i
< 5 >
E | L
« :- | ‘
2MM \

Tmm 2 /

Puc. 471I1.1. PacueTHas cxema Oalku U 3aJJaHHbIE IEPEMEILCHUS B HEH

P83MBDHOCTM, MPoK3BOAHEIS OT CTAHOARTHE QORIGIH =1
N

OO iy s Tobn Mo B e 106-—2

McxoﬂHble AdHHble m

5 bh3
E .= 210" MIa b=1cm hi=2cm Jx = E

Lyn=0cm Lpp=20cu Lpz=60cm L:=100cm

PacyeT nepemMellieHMA ¢ NOMOLBbIK MHTerpana Mopa

M(F1,F2,M0,%) = MO (x> Lyan) + F1-(x—Lg1) (2 » Lp1) + F2 (2 - Lpz) (2 » Lyz)
MiGm,z) = 1 (z—m)-(x > o)

L
M(F1,F2,M0,2) M1(x,5)

A(F1,F2, M0, 5) ;=J e
JLE

0
MO = 100Hu Fl=1«E F2=-3xE |[CiuBEamaiis et o ae
dx

x=0cm,—. . L
100

Mowuck Harpy30K ¥A0BNeTBOPAKLWMX rpPaHU4YHBIM YCNOBWAM

Given  A(F1,F2,M0,Lyi) = 2 mm A(F1,F2,M0,Lrq ) = —1 1am

4(F1,F2,M0,Lpz) = 1ame A(F1,F2,M0,1) = O-mm  6(F1,F2,M0,L) = 0

F2 | = Minerr(F1,F2 M0) il = =1lzdHl F2=1eH MO = 140Hmu

Puc. 4711.2. PacueT Harpy30K, BEI3BIBAIOIINX 3aIaHHBIC TIEpEeMEIICHNS B Oanke
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200

100
A(F1,F2,M0,5)-10° : ’1-,,1_%
JE AT

/

— |] et
M(F1,F2,M0,%)
Hm /
3 X -100
200G 0.2 0.4 0.6 0.3
®

Puc. 4711.3. Dmropa u3rubarommx MOMEHTOB M IIepeMelleHHUs B Oanke

Ha puc. 4711.2 npuBeneHo penieHne 3Toi 3ai1a4n. BBepxXy BBeIeHB HCXOIHBIC JAHHBIC IS
pacuera. [lanmee B oOmeM BHIE 3amMCaH HM3rHOAIOIIMA MOMEHT B CEUEHHAX OaJIKH.
[MockonbKy Harpy3ku Ha OajKy HE W3BECTHBI, OHM BKIIIOUEHBI B IapaMeTpbl (YHKIHUU
n3rubaroliero MoMeHTa. B o0Oniem Buzie 3anmcan Takke nHTErpaia Mopa st onpeneseHus
nepeMeIIeHHH B TPOU3BOJILHON TOYKE OalIKH.

Harpy3sku, ynosierBopsiomye 3agaHHBIM T'PaHUYHBIM YCJIOBHSIM, OINPENEISIFOTCS ITyTeM
peIIeHns! CUCTEMbI YpaBHEHNH T'PaHUYHBIX YCIOBUI C TIOMOIIBIO BEIYMCIUTENBLHOTO OJI0Ka
given-find. TIpaBaa, Ha 3TOT pa3 BMecto Gyukiwu find B3sTa QyHKIHS MINeErT.

Ecnu pemenue cymecTByeT, pe3ysbTaThl PEIICHHs 3a/aud C MCIOJIb30BaHMEM (DYHKIUH
find 1 miner cosmanaror. Ecnu pemenus et dynkims find Beimaer omubky, a GyHKIuUs
MINErr BRIBOAUT HEBA3KY PEIICHHS.

1PaBeHCTBO HYJIIO yIJia IOBOPOTA CEUECHUS B 3aJ[€JIKE HENIb3s BBECTH B BBIYMCIUTEIbHBIH
00K B BHJE MPOM3BOAHOW OT Mporuda, IMOITOMY BBIIIE BEYHCIUTEIBLHOIO OJlOKa
TIPOU3BO/IHOI NPUCBOEHO UMs QyHKIMH 6 ¢ TeMH ke mapaMeTpamH.

BrruncnurensHoMy OJIOKY NpeNIIECTBYIOT HadajbHbIE NPHOJIMKEHHS BCEX NapaMeTpoB
(narpy3ok). [locie  BBIYMCIMTENHBHOTO  OJIOKa  BBIBEICHBI 3HAUCHMSI  HArPy30K,
YJIOBJIETBOPSIONINX PELICHUIO CUCTEMBI YPaBHEHHH (TPaHUYHBIM YCIIOBHSIM 3a]1auH).

Ha puc. 47I1.3 moka3aHel W30THYTas OCh OallKd M SIIOpPAa M3THOAIOIIAX MOMEHTOB OT
HalJCHHBIX HArPy30K.
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[Mpumep 48. Annpokcumauma ynpyrom nuHuUm
Garnkn cteneHHbIM MoSIMHOMOM.

(Mporpamma 48-optimize4.mcd)

B sroMm mnpumMmepe paccMaTpuBaeTCsi BTOPOH BapHaHT peIIeHUs NpeAblayIled 3amauu
(npumep 47).

Jist KoHCONBHOM Oanku npsiMoyrosisHoro ceueHus (puc. 48I1.1, cieBa) 3a1aHbl rpaHUYHbIE
ycnoBusi. Hano nomoOpath Harpys3ku, yJIOBJIETBOPSIOLINE 3TUM yCIOBHSIM. B 3700t 3amaue
pacder BezeTcs Oe3 ydera pazMepHocTeil. UnciioBble NCXOJHbBIC TaHHBIC BBEICHBI B KI' U
CM.

L,=0 L, F
4 > A
Bl L: Ll ; Mb
/)
7 %
Fy Fy F Y F Y Y ry Y
/
u=0 u=0.5 Q=50kz q
u=0 M=10kzcm

Puc. 48I1.1. Cxema Oasiku ¢ yka3aHUEM I'PaHUYHBIX YCJIOBUH (CJieBa) U HallleHHbIE HArpy3KU
(cripaBa)

[ToxGepem cTeneHHOI MONMMHOM, yIOBICTBOPSIONIIN 3aJaHHBIM TPAaHUYHBIM yCiIoBusAM. Ha
puc. 48I1.2 nns 3amanHON OanKu moxOupaeTcs MOJIMHOM YeTBEPTOH cTeneHu. Jist pemeHns
CHUCTCMBbI ypaBHeHI/Iﬁ IpaHUYHBIX yCHOBI/Iﬁ IMMPOU3BOAHBIC OT MNEPEMCIICHUA U rotoBsitcs
3apaHee B BHJE (QYHKIHH OT KOAQQUIIEHTOB ITOJMHOMA.

B oroif 3ajaue 3aaHbl PaBEeHCTBO HylO mporuba u yria nosopora B sagenke L, =0,
nporn6 A =0,5cm, nsrubarommii momenr M =10xrem B cevennn L, =50cm u

nonepeunas cuna Q =50 «kr na coGoanom komue Gankn L, =100cm. B npunumne

MOJKHO 3aJaTh JIFOObIC TPAHHYHBIC YCIOBHSL.
Janee ¢ MOMOIIBIO BBHIYHCIHTENBHOTO Oioka given-find ompenenstoress ko3 OHIHEHTHI
nonrHOMa. 3Has K03 OHIMEHTHI HOIMHOMA TEIIePh €r0 MOYKHO 3aIiCaTh B SBHOM BHIIE.

McxoaHble AaHHbIE

3
E:=2-1D'}j 5= =2 I::ﬁ
12

reem 4 rpaHyHe yonoend. Bepem NonvHOM 4-A4 cTeneHW
t+1 -
i=1 m+1 ulz,C) = Z Cix
=l
NoAroTOEKA NPOMIBOAHBIX K NOACTAHOEKE B BbIHMCNUTENbHBIA BNOK
d o
e (@) f= =i (G A6 (@) i =iz (0] 12
dx dx2

4 d'
D=, G = —BU(X,C) E.J sl 0 2= —4u(X,C)-E-I
odx dx

OnpeaeneHve Ko2hhUUMEHTOB NONMHOMA
= 10 Ha4aneHsIe NPHENKKEHUA KOs hUUMEHTOR

Given u[L1,C) =0 M(Lz,C) =10 Q[L3,C) = -50

wl(Ly,C) = 0 w(l,C) =05 0
CC = Find(C)  WCMONB30BaH HEMMHERHLIA MeTop —0
i+l =
AHANUTUYECKMA BMA . ! GEi=| 000
YNPYTroi AMHUK ) = Z v -0
= o

Puc. 48I1.2. [Tonbop cTeneHHOr0 MOJIMHOMA MIPU PEIICHUH OOpaTHBIX 3a1a4
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Puc.48I1.3. I'paduku, mOCTPOCHHBIE C MCIOIB30BAHIEM HAlACHHOTO MMOJHMHOMA

[lo ypaBHeHMIO NONMHOMa CTPOSITCA TpauKUd IEpeMelleHHss W €ro IMPOHM3BOAHBIX
(puc. 48I1.3), TO ecTh YIJIOB HOBOPOTA, MONEPEYHOW CHIIBI M HM3rHOAIONMIETO MOMEHTA.
Anamm3upyst 3TH TpadUKH MOXHO ONpENSNIUTh BEJIMYMHBI HArpy30K Ha Oanky,
BBI3BIBAIONINX MOJOOHBIM BUX ynpyrod nuHMM Oanku. Ho 310 Oymyr Harpyskw,
MIPUJIOKEHHBIE K cBOOOAHOMY KOHITy Oanku (puc. 48I1.1, cmpaBa). B Hamem mpumepe
q =0,5xr/cm, F=50 kr, M;=180 xrcm. Croco®, ONMHCaHHEI B HpeAbIAyIuei 3amade,

Hpe[lHO‘lTMTeﬂbHef/ll. OH 103BOJISIIOT OIPEACIATE IMTPOU3BOJIBHO IMMPUJIOKCHHBIC HAI'PY3KHU.
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[Tpumep 49. INonck onTumarnbHbIX pasmepos
cevyeHuns danku.

(Mporpamma 49-optimize5.mcd)

PaccMorpuMm coBcem TpocToil  ciydait HarpyxeHus Oanku. KoHconpHas —Oanka
HPSIMOYTOJIBHOTO CEYEHUSI, Harpy>KEHHas! OZHOM CHJION Ha cBOOOAHOM KoHLe (puc. 4911.1).

Tpebyercs momoOpathk pasmepsl cedeHUs Oalkd H3 YCIOBMH, 49TO0 O, .. =[O‘ ] u

nepemerienne konna 6amkn A < [A] =2 mm. Ha pa3mepbl ceueHHs TOXe HAIOKEHBI

orpaHWYeHus. PacueTr onTUMabHBIX pa3MepoB cedeHUs MokazaH Ha puc. 4911.2. dopmynbt
JUI HalpsDKEHWA M IIEPEMEIICHUS] KOHIA OallKy 3aliCcaHbl TOTOBBIMU BBHJY NPOCTOTEHI
pacdera. Macca cTepkHsI NPONOPLHOHATBHA IUIOMAAN HMONEPEYHOTo ceueHHs. Pa3mepsr
CEUCHHUs OIMPEACISIOTCS C MCIOJIb30BAHUEM BBIYMCIMTENIHLHOrO Oiioka given — minimize.

BHyTpu 6110Ka 3anmmcaHsl cpasy 4 orpaHmueHus: Ha pasmepsl D u N, Hanpsikennme o n
nepememenne A . OnruManbHbIE pa3sMEPHI BRIBEIEHBI TOCIE QYHKIHKE Minimize.

F

LSS

F Y
¥

Puc.4911.1. Pacuernas cxema Oaiku

MCXOﬂHble AdaHHble
L=1nm F=2000H b:=3cm hi=>2cm

Cpop = 100-MIIa  Aggy = 20-wm [TOMEHARTE AONYCKAEMOE

nepemelleHre

PacyeTHeIe ¢hopMynbl - = :
&F L 4FL

Ak h):=bh (b, b = = Afb by = -
bh Ebh

MoncK oNTUMAaNbHOrD peLleHWA

Given 2em<b<fem lom<h < 10.cu [NOMEHARTE

OrpaHuHeHnA
oib,h) < Opo Afb,h) < Agpy

2
2.449
A(bomr,honr) = 13.608m o[ bogr, hopr) = 100MIIa

OnTUManbHble pasMepbl ce4eHUA DaNKK

Z := Minimize(4 b, h) Z = [ ]CM bomr = 20 hamr = 24

bomr = 20mm  hopr = 245mm  A[bogr,honr) = Biteas
A (bopr,hopr) = 0.014 1 6(bonr, homr) = 100MITa

CpaBHeHWe NepeMeLleHMA M HANPAMXeHUA
B ONTMMaNbHOW KOHCTPYKLMK € A0MYCKAaeMBIMM

Ak b o(b,h)

Al(b k) = ol(b,h) =

o Crnon

81{bonr,homr) = 068 ©1({bonr,homy) = 1

Puc. 49I1.2. 3aBHCHMOCTh MAKCUMAIFHOTO HAIPSHKEHNMS U IEPEMEIIEHNS KOHIa OalnKu OT pa3MepoB
CEUCHUS

Oror mpumep npoct (mis Mathcad) u wmarmsagen. I[louck uper cpasy MO HECKOJIBKHM
MEPEMEHHBIM C yYETOM OOJBIIOTO KOJHYECTBA OrPAaHUYCHHNA. DKCTpeMyMa B JTaHHOM
3aaue HET, I[O03TOMY B 00JacTH HAJIOXKEHHBIX orpanmdeHnii Mathcad BeiOmMpaer
HAWITy4IIIee peIIcHUE.
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[Mpumep 50. dnHammndeckumn pacyeT danku
MaTPUYHbLIM METOLOM NepemMeLLEHNN

(Mporpamma 50-MK3-1-6anka.mcd)
Pacuer Oanky NPUMHTHBHO TIPOCT, €CIM HAAO ONIPENCIUTh JIWIIb OAHY MEpPBYIO
COOCTBEHHYIO 4acToTy. [y ompenesneHHs CIEKTpa COOCTBEHHBIX YacTOT M HOIyYCHHUS
¢opMbl  KoyeOaHMH  HEOOXOAMMO  HCHOJIB30BaTh METOJ  KOHEYHBIX  DJIEMEHTOB.
IIpocrelimmum BapuaHTOM 3TOTO METOAA U SIBISIETCS MATPUUHBIN METO IEPEMELLICHU.
Lenpro pacuera sBuAETCA ONpENEICHHE BEKTOpa COOCTBEHHBIX 4YacToT Oanku. B
npumepe 36 Oajika paccMaTpHBajiach, Kak CHCTeMa C OJHOW CTENEeHbI0 CBOOOABI, U
COOTBETCTBEHHO OIpezieieHa Obla TOIBKO OJJHA COOCTBEHHAs 4acToTa (IlepBasi).
Jist onpezieneHus BEKTOpa COOCTBEHHBIX 4AaCTOT HANO PacCMOTPETh 0alKy, KaK CUCTEMY C
HECKOJIEKUMHU CTENICHSIMH CBOOO/IBI.

CTtatuyeckmin pacyeT 6anku

IlosicHuM CyTh MaTpU4HOIO METOJA.

1. 3ananHas cTep)kHeBas cucTeMa (B HalleM cirydae Oayika) pa3OMBaeTcst Ha SJIEMEHTHl —
CTEPIKHU.

2. JIms KaxIoro 3JEMEHTa COCTABISCTCS OCHOBHOE YpaBHCHHE MATPUYHOTO METOAA,
npezacTapisitoniee codoit 3akon ['yka B 0606menHom Buge F = K - A, rie F'— BekTop
cui, A — BekTop nepemeniennii, K — Martpuiia )XecTKOCTH.

3. ypaBHeHI/IH JJI4  OTACJIBHBIX 3JICMCHTOB OG’bC}II/IHHIOTCﬂ B CIWHYIO CHUCTEMY
ypaBHeHI/Iﬁ, peuieHue KOTOpOﬁ JAac€T BCKTOP Y3JIOBBIX HCpeMeHleHI/Iﬁ CTCp)KHCBOﬁ
CHCTCMBI.

4. 3Hasx Y3JIOBBIC NEPEMCUICHUS CUCTEMbI, MOKHO OIIPCACIINTD BHYTPCHHHUE YCWIHA B
CTEPKHAX, HAITPSIKECHUA, COOCTBEHHBIC YaCTOTHI H T. .

Ha pucynke 50I1.1 moka3ano pa3OueHHe 3alIaHHON OalKl Ha AIIEMEHTH — cTepkHH. Ha
puc. 50I1.2 — ucxoaHbIE TaHHBIE K pacyerTy.

2 5 8 11 14 17 20

Puc. 50I1.1. Pacuernas cxeMa Oajiku

B mpumepax 50, 51, 52 pacuer Bemercss 06e3 ydera pa3MEpPHOCTEH, TaK KakK 3JIEMEHTHI
MaTpull B O3THX INpHUMeEpax HMEIOT pas3Hble pasmepHoctd. Mathcad cuutaer 3to
HEJIOITyCTUMBIM.

[Tiockuii crep)KHEBOM 3JI€MEHT, Mmoka3aHHbIil Ha puc. S0I1.2, umeer 6 creneneil cBOOOIbI
(y3noBeix mepemeniennii). CooTBETCTBEHHO B ypaBHeHMu F = K -A Bektopsl cun F u
nepeMelieHuii A coaepkar no 6 sjaeMeHTOB. Marpuna xecTtkoctu K — cTaHaapTHast
pa3MepHOCThIO 6X6 — npuBeneHa Ha puc. SOI1.3.
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METPWUE MHOEKCOE
YMCNO NEPErELLEHNH n = max ()

YMCNO SNEMEHTOE 1T = rows (b R s
e ot W= IR e sl
HOMER 3NeMEHTE k=1.1W e T
HOMED NepemMelleHs 1= 1. n MIi=| 7 & 9 10 11 12
CBOHCTBA oprcTekna (Matepuana Gankm) (I §18 2 R A 5
Pk = 1180 NNOTHOCTB By = 5.25.10° =S S GRS

G = 04.E g 1 e e 2l

paamepkl Bankm
b=0.03 h:=00042 L:=07EcesnemeHTsl Banki oJMHaKoBb pasMepos

MOMEHTRI bk CTEHHEBOH 2NeMEHT C WeCThID
MHE LMK k=" CTeneHaMY cBoBok

2

AMWHEI 2NeMeHToB I, o=

NNOWanK cedeHuA A =b

YTl HEKNCOHa  OCH areMeHToB ci =10

cnel Fp=0 TFipp=1
—
Macca ANeMeHTOE  m = p-A-LL

I/ICXO}IHBIC JIAHHBIE K pacueTy

MaTPULE HaNPaBNAWMK KOCHHYCOB

cos| oak:I sm[ock.] 0 0 0 0
i . MAaTPWLUE HECTKOCTH aNeMeHTa
—sm{ o) cos[ock] i} 0 0 0
0 o 1 0 o0 [ Eidy ~Ey by ]
g = . — 0 0 0
0 0 0 cosfcg) sm(exy) 0 Ll LLg
] 0 0 —smfak] cos| o) 0 0 12.Ee ] 6Bk 9 “12Ee T 6B Tk
[ = ¢ 2 2 3 ¢ 2
0 o 0 0 o1 (LLg)”  (LLg) (LLy)” (Lly)
- _ i 6B Ji 4 By Jy i 6B Ji  2Edi
1 1 —_
e = [ 2 3 2
2 Rl d (114) i (LL) Lk
KE, =
13 11,11y . 9 —13.LL —Ep- Ak " . B A i
35 210 70 420 ILy Ll
11104 (:LLk:]E 18 il —(:LLk;]E 5 —12.E T —6.Ex Tk : 12E Ty —6-EieTi
" 210 105 420 140 e i (EEgP  (mf
h i L) L) L) L)
1 0 0 1 0 0 6Ee T 2Bl . 6B R 4Ec T
6 3 — —
(_LLk) LL [_LLk] LLy
. g 13.LLy i 132 —11.LLy - -
70 420 35 210
B, (g . 9L, ['LLk]2
420 140 210 105 iz alALE) Elee

- - ANeMeHTA

CTaHﬂapTHble MaTpulbl JIA IJIOCKOT'O CTEPIKHEBOT'O DJICMEHTA

B MaTpuyHOM METOJE UCTIONB3YIOTCS 2 CUCTEMbI KOOPAMHAT: JIOKaJIbHAS U III00aIbHAsL.
JlokanpHast cucreMa — CBOSL AL KaXOoro sieMeHTa. Ock X HampaBiieHa BIOIb OCH
cTepkHA. Hawano yokanpHOW HyMmepalu B Havaje KoopawHat. [yobampHas cuctema —
eanHas U1 BCEH CTepKHEBOH cucTeMmbl. BpiOop Hadama rino0aibHBIX KOOPAMHAT U
HanpaBJICHUEC oceit IMPON3BOJILHBIC. CBs3b MCXKIY OTUMU CHCTEMaMU KOOPJWHAT
OITUCHIBACTCA ManPlueﬁ HalpaBJIAOIHUX KOCUHYCOB.

[TonoxeHue IUIOCKOTO CTEPIKHEBOTO 3JIEMEHTA XapaKTepusyeTcs O6-10 He3aBUCHUMBIMU
Y3JIOBBIMH TIEpEMEIeHUSIMH (6-10 CTENEHsAMH CBOOOABI — 10 3 B KakaoM y3ie). CBs3b
MEXIy Y3JIOBBIMH IEPEMELICHUSIMH JJIEMEHTa B JIOKAUIBHOH W TJI00AaJbHOM CcHCTEMax
KOOpMHAT 3a1aeTcst hopmynoii A=L-A,rae A © A — BeKTOp HepeMelIeH il HTeMeHTa
COOTBETCTBCHHO B JIOKQJIBHOM M TJ00aNbHOW cHCTEMax KOOpAWHAT, L — MaTpuia
HAIpaBJSTFOLINX KOCHHYCOB.

ITockonbKy Ka)kAOMY Y3JI0BOMY IIEPEMEILICHHIO COOTBETCTBYET CBOSI y3JIOBas CUIa, TO

Takas K€ CBA3b MEXAY Y3JIOBBIMH CHUIIaMH F uF B J0KambHBIX W TI00ANBHBIX OCAX

koopaunat F=L-F.
OcHoBHOE ypaBHEHHE MaTpu4Horo meroga: F = K - A B JOKalbHOM cUCTEME KOOPIUHAT U

F = K - A Brno6ansHO# cucTeMe KOOpIUHAT.
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CBs13b MCXKIY MaTpuiuaMu KCECTKOCTHU: KB JIOKaJIbHOM " ]?B rn06aan0171 CUCTEMaAX
KOOpJUHAT K=I" K-L.

B mmockoii 3amade i 3aaHUsl MAaTPHIBl HAIPABISIOMNX KOCHHYCOB, NPHBEACHHON Ha
puc. 50I1.3, mocraTouHO Ul KaXXKAOTO 3JEMEHTa 3aJaTh yroid O MEKAYy OCAMH X
(JIOKaJIbHOM U TI00ATBHOI).

B Hamem npumepe KoHCoJIbHAs Oajika pa30ouTa Ha 7 3JIEeMEHTOB. Y Ka)KIOTro 3JIEMEHTa 1o 6
Y3J0BBIX MEpeMeIeHNH. 3Ha4uT, B 7 MAaTPUYHBIX YpPaBHEHHAX COJCPXKHUTCA 7x6=42
nepemerneHusi. Kak mokaszano Ha puc. S0I1.1, paccmarpuBaemas 6anka umeer 21 y3imoBoe
nepeMelneHie (Mo 3 B KaXIOM y3J¢ U B 3aJeJIKe HET mepeMelneHuit). YToOsl UX HaiTH,
Hafo cucreMy u3 42 ypaBHeHUU ¢ 42 HEW3BECTHBIMM INPEBPATUTh B cucTeMy u3 21
ypaBHeHHss ¢ 21 mepemerieHHeM. OJTa 3a/ada BBIMOJIHIETCS C IOMOIIBIO MaTPHIIEI
cOOTBeTCTBUSI NHIEKCOB (puc. S0I1.2).

Marpuia MHAEKCOB IIOKa3blBa€T, KAKOMYy HOMEpY IEpeMELIeHHs] BCeH CTep>KHEBOM
CHCTEMbl COOTBETCTBYET JIOKAIbHBI HOMEp TMEpPEMEIICHNUS KaKAOro »JIIEMEHTa B
r100aIbHON cUCTeMe KOOPIUHAT.

C momomp0 MaTpuibl MHAEKCOB (opMupyeTcss MaTpHlia >KECTKOCTH CHCTEMBI ITyTeM
CYMMHPOBAHUS COOTBETCTBYIOIINX KO3()(HUIIEHTOB )KECTKOCTH.

Kosdpduument xectkoctn cucrempl K, ; paBeH Cymme KOd(pQHUMEHTOB XKECTKOCTH
3JIEMEHTOB, KOTOPHIM B MaTPHIIE HHAECKCOB OJHOBPEMEHHO NPHHAAJIEKAT HHACKCH { U j .
Brlpakenne Uit cyMMHUpOBaHUS  KO3()(HUIMEHTOB KECTKOCTH  IPHUBEACHO Ha
puc. 50I1.4, BHU3Y.

OBHyYNeHWE MATDHLEI HECTKOCTH CHCTEME
k=1.N 1i=1.a+1 j=1.n+1 Eij=0

Mo ORIGIN=1 He MOHeT BhITe MHOEKCOR, DABHBIX HyMH

i=1.6 j=1.6 Ml j=FMygi=0n+1My ;)

MoK 3TOM pasMep MaTPHUE! YEEMHYMNCA Ha 1

METDHLIA HECTKOCTH SNEMEHTA B T ]
MMOBaNEHEX OCAX KOODAWHET KEG(k,i,) = |Lk 'KEk'Lk-]i,j

METPHLE HECTKOCTH CUCTEMBI KMIk,i,MIk,j 2 KMIk,i=MIk,j BEEStCLY

E = submatrz(K | 1,n,1,n)
Puc. 5011.4. ®opmupoBaHue MaTPUIbl KECTKOCTH CUCTEMBbI

Ipu pacuere B Mathcad Bo3HMKaeT HeOXXHIOaHHAs TPYyIHOCThb. s ymoOGcTBa paboThl C
marpuniamu BBegeHo ORIGIN=1, Ho B Takom ciydae B MaTpHIax HE MOXKET OBITh
3neMeHTOB ¢ HomepoM 0. UToObI BBIATH M3 3TOrO TYIHKA, B MaTpulie HHACKCOB 0 3aMeHEeH
Ha N+1, Toe N — MakCHMAaJbHBI HOMEp MEepeMElICHHs CHUCTEMBI. [IpH 3TOM BMeECTO
MAaTpHIIBl Pa3MEPHOCTRIO NXN Mojydaercs Marpuia pasmepHoctsio (N+1)x(n+1). Tlocie
(OpPMHUPOBAHUS MATPHUIIBI KECTKOCTH JIMIIHHE CTPOKY M CTOJOEI ydajiseM C TOMOIIBIO
¢byukumu submatrix.

NMPUMEYAHUE

Hyns B MaTpuile MHAEKCOB O3HAYAET OTCYTCTBHE NMEPEMEIICHUS CUCTEMEI 110 JAHHOMY
HaIpaBJICHUIO.

Iocne ¢opmupoBaHusi MaTPHIBl KECTKOCTH CHUCTEMbI BBIMOJIHSIETCS PEIICHUE CHCTEMBI
JUHEHHBIX aNreOpandecKnX yYpaBHEHHUH ITyTeM OOpaIleHUs] MaTPHIBI KECTKOCTH CHCTEMBI
(puc. 50I1.5). B pe3ymnbTare pelieHus oaydaeTcsl BEKTOP Y3JIOBBIX MEPEeMEIEHUI CHCTEMbI
B FJIO6aJ'II)HbIX OCiX KOOpJAWHAT.

[epemeriieHusi 3JIEMEHTOB B TJIOOQIBHBIX OCSX OIPEACISIFOTCS C IMOMOIIBI0 MATPHIIBI
WH/ICKCOB  IIyTEM  MPUCBOCHUS  MEPEMEIICHHUSIM  3JEMEHTOB  COOTBETCTBYIOIIMX
nepeMellieHui CUCTEMBI.

Jamee omnpeneisiroTcs TEPEMCIICHHS JJIEMCHTOB B JIOKAJTbHBIX OCAX KOOpAWHAT C
ITOMOIIIBI0 MATPHUIIB HATIPABILIONINX KOCHHYCOB, 3aTE€M Y3JIOBEIC CHIIBI, ICHCTBYIOIINE Ha
AJIEMEHTHI, B JIOKAJTBHBIX OCAX KOOPAMHAT M3 OCHOBHOT'O ypaBHEHUS MATPHUYHOTO METOAA,

3QNMCAHHOTO ISl DJIEMEHTA B JIOKAIBHBIX ocsix koopauHar F¢ = K°-A°. Pesynbrarsl
CTaTUYECKOTO pacyeTa IMepeMeIIeHNI U YCHINH, JeHCTBYIOMUX Ha OanKy, IpUBEICHB Ha
puc. 50IL.5.
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i =1
peweHWe CUCTeMbI YpaBHeHMHM A =K F CTaTyeckne NepemMelleHMA CHCTeMEl

MepeMeLUEHNs 3NIEMEHTOB B FNOBaNbHLIX OCAX  Aej k= Apy | Sariai

4y (e

nepemeLlleHNA INEMEHTOB B NoKanbHbIX 0CAX Ael™™ = Ly-Ae

3N0BbIE HArPy3KW B NOKanbHbIX 0CAX
Y Py nporvbel Bankm

T i=2,5.21

Ay =

N
o o0 0 0 0 0 0 e
ST ERE E e ERE R ) 0.013
0.028
A e i s | R o
il = -
0 0 0 0 0 0 0 N 0.069
[ R R S B A N Ll
0118

oE 05 A e e ml o

Puc. 50I1.5. Onpenenenue nepeMemieHuit 1 ycuiuii B 6anke

HOCKOHBKY BHCIIHUEC CHJIBI HE YYaCTBYIOT B ONPEACICHUN COOCTBEHHBIX JacTOT, BEKTOP

BHCHIHUX CHJI MOXHO HC 3aJaBaTh, TO €CTh BBCCTHU E = 0. 3Hauenust COOCTBEHHBIX YACTOT

OCTaHyTCSl BEPHBIMH TIPH JIIOOBIX 3HAYEHHs BHEIIHUX CHJ, HO CMOTpPETb Ha PE3yJbTar
CTaTHYECKOro pacyera OyJneT CKy4HO: B TaOJMLAX OJHM HyNU. J[si OKMBIEHUS KapTHHBI
NPUIOKEHA OJHA BEPTHKAJIbHAS CHJIa Ha NMpaBoM KoHue Oanku Fo) =1. B aTom ciyuae

Tabmua BHyTpeHHuX ycwni (puc. S0I1.5) HarmsaaHa, Kak 3MI0ps! BHYTPEHHHUX CHIL.

OunHamnyeckmin pacyeT 6anku

Ilpy IMHAMHYECKOM HATPYXEHHH 3aBHCHMOCTb TMEPEMELICHHH YIPYroil CHUCTEMBI OT
BPEMEHH ONHKChIBAETCS M (epeHIHaIbHBIM YPABHEHUEM JIBHKCHHUSI
M-A"+H-N+K-A=F(), roe:

O F(f) — BEKTOp BHELIHUX CHJI, IEPEMEHHBIX BO BPEMEHH;

O A, A',A" — y310BbIe MepeMeNICHHsI YIPYroil CHUCTEMbI M MX TEpBasi U BTOpas
HPOU3BOIHBIC TI0 BPEMEHH;

Q M, H, K— COOTBEeTCTBEHHO MAaTpHUI[Bl MacC, IUCCUNAIMK (pacceuBaHHs) U
JKECTKOCTH.

OnpeaneneHne cobCTBEHHbIX YacTOT kKonebaHun 6anku

Jns onpeneneHus COOCTBEHHBIX 4YacTOT KoJieOaHMH paccMaTpHBAIOTCS CBOOOJHEIE
Hezaryxarome konebanusi, To ectb H=0 u F(#)=0. Torna ypaBHEeHHE IBIKCHUS HMEET
BUJL:

M-A"+K-A=0.

IIpennonaraercst, uTo KosebaHWE BCEX TOUEK MPOUCXOIUT MO CHHYCOUIAIBHOMY 3aKOHY
A = Asin(ot +€), Torma peUieHHE YpPaBHEHHs JBW)KEHHS CBOAUTCS K PEILICHHIO

HecTaHJapTHOM 3a/1aun Ha coOcTBeHHbIe yncna (K — o> M )-A=0,

rme  © — coOCTBeHHass 4YacToTa (coOCTBEHHOe uucio), A — ¢opMa KoyebaHus
(coOCTBEHHBIH BEKTOD).

Hnst penienust takoi 3amaun Mathcad comepskut 2 BeTpoeHHbIe (QyHKIMU: genvals —
BBIYHCJIICHUC CO6CTBeHHI)IX YUCCI U genVeCS — BBIYMCJICHHUEC CO6CTBCHHI)IX BCKTOPOB.
[Tpumenenune 3Tux QyHKUUI K pELIEHHIO Halllel 3a/1auy rokazaHo Ha puc. S0I1.6.
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OuHamMuyeckui pac4yeTt
=l e 2= 0l ek j= . ekl M =10

MaETpHUE MacC CHCTeMEl =6 =Rl

g = M
Ml i M Ml ;. Ml ]

I = submatrs(hIL, 1,0, 1,00

Y4eT cocpeaoTo4eHHbIX Macc Wit 1 = W e+ mg
Mg - COCPEnOTOMEHHEA Macca

ki - HOoMep NepemelleHra, No KOTOPoMY KoNebneTca macca mp
mq W K - 3a0aHel mofansHo nod rpadikon Gopi konebadui
MNOMEHAATE KX M NOCMOTEMTE HA M3MEHEHHE CODCTBEHHEIX YacToT
onpegeneHMe cobcTBEHHBIX YacTOT £2 KonebaHKin 6ankn

H Q
Q= gowvels (R, MM) Q= sen{Q)  Qpgp = YO gt %
-1
onpepeneHne coBCcTBEHHbIX BEKTOPOB A (chopM KoneoaHum)
e (e LelE

Puc. 50I1.6. Onpenenenue coOCTBEHHBIX YacTOT U (hOpM KoJIeOaHUH OaIKu

Heobxoaumast amst pacuera MaTpHIla Macc CTEPXKHEBOTO IEMEHTa — cTaHaaptHas. OHa
BBeJZleHa B pacueT Ha puc. S0I1.3.

PaccmatpuBaercs 6anka u3 oprerexia. [lnotHocTs MaTepuana u Moxyns FOHra 3amansl Ha
puc. 50I1.2. [IpakTrdecku 3TO IIIMHHAS M TOHKAs IUIACTMACCOBAs JIMHEHKA.

Marpuna Macc CTEpXKHEBOH cHCTeMBl (OPMHPYETCS aHAJIOTHYHO MATPHIE XKECTKOCTH
MyTEM CYMMHUPOBaHHs KOI((HUIUEHTOB C IOMOIIBI0 MaTpHIbl HHAEKCOB. CpaBHUTE
BeIpaxkeHus1 Ha puc. S0I1.4 u 50I1.6 s hopMHUpOBaHUS MaTPUIIBI KECTKOCTH CHCTEMBI U
MaTpulbl MacC CUCTCMBI. OHHU aHAJIOTUYHEI.

Ecnu B ynpyroii cucreme ecTb cOCpeIOTOYEHHBIE MACChI, TO UX y4YeT MPOU3BOAUTCS MyTeM
no0aBiIeHus B y)ke c(pOpMHPOBAHHYIO MaTPHIly Macc CHCTEMbI COCPEIOTOYEHHOH Macchbl,
MIPUIIOKECHHOW B 3aJJaHHOM Y3JI€.

OOparuTe BHHMaHHE, 4YTO paccMaTpuBaeMas Oaika KoIeOIeTcss B BEPTHUKAIbHOM
HarpasjeHUH. Maccy Tpy3a, NPHJIOKEHHOTO Ha KOHIE OalkH, Hamo JOOaBUTh K TPEM
3HaueHUsM Matpuibl Macc MMyg g9, MMgo20 1 MMyy 21 [lepememenus 19 u 21 —
TOPHU30HTAJILHOE M YITIOBOE — HE BIMSIOT HA COOCTBEHHBIC YAcCTOTHI OaiK (OHHM pPaBHBI
HYJIIO B pacdere) M TOJBKO MO3TOMY (M TOJNBKO B JaHHOM IPHUMEpE) MOKHO J00aBUTH
COCPEOTOYCHHYIO Maccy K 3HaueHHI0 MMy 20 IO BEpTHKAIBHOMY HalpaBJICHHIO.

Jns ynobctBa HaOMIONEHWI COCpPENOTOYEHHAs Macca M HalpaBICHHE €€ IPHIIOKEHHS
3amaHbl ro0ambHO TOxA Tabnured cobctBeHHBIX uacToT (puc.50I1.7). Ilomewnsiite
3a/laHHbIC 3HAYeHUS W HaOJromaiiTe M3MEHEHHE BEKTOpa COOCTBEHHBIX YAaCTOT Oalku U
(hopm KoneOaHMH.

Oynkuus genvals Bo3BpaiiaeT BEKTOp COOCTBEHHBIX YHCENl CUMMETPHUYHOM MaTpuibl. B
HameM mpumepe Oanka mmeer 21 HesaBucuMmoe mnepemernieHre. COOTBETCTBEHHO BEKTOD
COOCTBEHHBIX YHCEIT COJMEPKUT 21 YHCII0, HO U3 HUX TOJIBKO 4—5 SBIISIOTCS COOCTBCHHBIMU
4aCTOTaMH KOJIeOaHHH.

B cuty cnenaHHBIX IIpH BBIBOJIE YpaBHEHHMS JOIYIIEHHUH, YeM OOJIbIIE MOPSIIKOBBIH HOMED
COOCTBEHHOT'O YHCya, TeM 0OJIbIlle HAKOIUICHHAs! OIIMOKa BHIYMCIICHUH.

OyHkuus genvecs BbIAET CHEKTP COOCTBEHHBIX BEKTOPOB, KaXIbIH M3 KOTOPBIX
TIpezcTaBisieT co0oi hopMy KosieOaHHsT B MOMEHT pe30HaHCa Ha 33/1aHHOM 4acToTe.
ANTOpPUTM pelleHusl 3ajJaddl HE II03BOJSIET HAaWTH MepeMelleHHs Oalku B IIpoliecce
KOJIeOaTeNbHOTO [JBIDKEHUS! W3-3a HEXBATKW OJHOTO ypaBHeHMs. DyHKuMs Jenvecs
BO3BpAlllacT 4YHCJa, MPEJICTABISAIONINE COOOH TIepeMelieHuss Oajlku B HEKOTOPOM
NpOM3BOJILHOM MacmiTabe. BbiBeZieHHbIE mepeMelleHHss HOPMHUPYIOTCS U IocIe
HOPMHUPOBKH YHCIICHHBIC 3HAYEHHS AJISI BCEX COOCTBEHHBIX BEKTOPOB OJHOTO IIOPS/IKA
(cwm. puc. 50I1.7).
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BEIGWpaenM BEpTHKANEHEIE NEpeMELLEHNA Banky

(2,5,8,11,14, 17,200 ¥ CTROWM rpadink hopm KoneGanui = QFEpHi = Qpa.ui =
Ajj+1 .Z= A].l,l il 2=, Al’iﬁ=0 1&1::0 _1 2674 16.8
= a2 16.959 106,568
3 47 936 301.19
I a] 594.843 595.916
B 158.533 596.09
G 240.045 150810%
e ] | 7] 338.825 212810%
A [} 493.039 2098103
T / | 3] B46 705 4057108
iz e 10 754.003 PRTEETH
.;\:-". o1 (1] 847473 532510°
_1_1’_3_ T TP 12 110310° 5.93210°
i Aot Yol T |13 14210% 5.9210°
i 0 e % P i il |14 1772108 1113104

_____ e s | 14]
- -"‘-..__,..- ., 15 2.05410% 1.29-10%
., 16 2303107 1.447-10%
Wl 2 4 f 8

my = 0.005 NOMEHARTE COCPEOOTOYEHHYID MaCCY Mg
e = 20 W HanpaeneHne ee ABMHEHHA K

Puc. 5011.7. CobcTBEeHHBIE YaCTOTHI ¥ (POPMBI KOJTeOaHMH OaIKku

B neiicTBUTENFHOCTH JUIsl pACCMOTPEHHOW B HpuUMepe Oallku aMIUIMTyja KojieOaHuil B
MOMEHT pe30HaHca (C y4eTOM 3aTyXaHus KoyeOaHuii) cocTaBisieT Ha IepBOd COOCTBEHHOM
yacToTe MOpsiAKa 25 MM, Ha BTOPOHM 4acTOTe — MOpsAKa 5 MM, Ha TpeThbed — Mopsaka
1 MM, Ha YETBEPTOH — aMIUTUTY1a KOJIeOAaHUH MaJla, MPaKTHUECKH UcUe3aeT.

BblHyXOeHHble konebaHusa 6anku

BriHyKeHHbIE KoJIeOaHMsI CHCTEMbl C OJHOM CTENeHbI0 CBOOOABI PAacCMOTPEHHI B
npumepe 36. IlepemenieHHe TOYKM NPUBEICHUS MAacChl ONPEEISUIOCh €  MOMOIIBIO
uHTerpana Jroamens.

Jns cuctempl ¢ N CTENneHAMH CBOOOABI HEOOXOAMMO PELINTh YPaBHEHHE ABH)KCHHSA
CHCTEMBI

M-AN"+H-AN+K-A=F().

OTO0 ypaBHEHHME JIydllle BCETO PELIaTh OJHUM M3 METOJOB MPSMOro UHTErpupoBaHus. [Ipu
NpsIMOM MHTETPUPOBAHUM YPAaBHEHME J[BIKEHUS PEIIAeTCsl C IMOMOULIbIO MOLIArOBOMN
YHCIEHHON MpONEeayphl, HCIOIB3YIOMEH MEeTOA KOHEYHBIX pa3HocTed. Hwukakmx
MpeABapPUTEIBHBIX TPe00pa30BaHNI yPaBHEHHUS IBM)KEHHS HE TIPOU3BOIUTCS.

Ha kaxnmom 1mare MHTETpUpOBaHUs, IO CYIIECTBY, peEIIaeTcs CcTaTudeckas 3ajaya.
PaBHOBecHe ¢ ydeToMm cui JeMn(HUPOBaHMS M MHEPIHH PacCMaTpHBACTCS B BBIOPAHHBIX
TOYKaxX BPEMEHHOTO MHTEpPBaa.

Takum 06pa3om, AJ1st KOHKPETHOTO MOMEHTA BPEMEHHN T pEIlaeTcsl ypaBHEHHE

K-q(t)=Q, rme K u O — TaK HaspiBaeMble SPEKTHBHbIC MATPUIA KECTKOCTH U
BEKTOP HATPY30K.

W3 3TOro ypaBHEHHs ONpPENENsAeTcs BEKTOp OOOOIIEHHBIX MEPEMEIEHH ¢ B
paccMaTpUBaeMblii MOMEHT BPEMEHU T .

Meronsl TPSAMOrO WHTETPUPOBAHHS PA3JIMYAIOTCS CIIOCOOAMH HHTEPIONANNH  WIN
SKCTPAIOJSALMHI [EPEMEICHHH HA KaXI0M J0CTATOYHO MAJIOM BPEMEHHOM HHTEpBAJIE.

B naHHOM mpEMepe [Utst pelieHust BbIOpan Meto HproMapka, Ha3biBaeMblii TaK)Ke METOIOM
0000IIEHHOTO YCKOPEHUSI.

DTOT METOA HCIIOJb3YET CIEAYOIHEe KOHEYHO-PA3HOCTHBIC COOTHOIICHHSI:
q'(t+A)=q'O)+[(A—d)-q"(O) +d, - q"(t + AD)]- AL

gt + A1) = g(t) + q'() - At + [(1/2 = dy) - q"(t) + dy - ¢"(t + AL)]- AL*.

3nech d; u dy, — napamerpsl unrerpuposaus. [lpu d; = 0,5 u d, = 0,25 npusenentsie
COOTHOLICHHUA 6yﬂyT OTBE€YATh NPECAIOJIOKECHUIO O NTOCTOSIHHOM XapaKTEpEC YCKOPCHUA Ha
BpemMenHOM untepBaie (¢;¢+ At). Ipu d; =0,5 u d, =1/6 — o nuHeiiHOM H3MeHEHUH
YCKOPEHHUSI, YTO aHAIOTMYHO MeToay Buicona. Ilpu dy =0 momyuum ueHTpaIbHO-
Pa3sHOCTHYIO CXEMY BBLIYUCIEHHH, COOTBETCTBYIONIYIO IBONHOM MyNbCAlMU YCKOPEHHsS B
Hayaje W B KOHIC KaKIOrO BPEMEHHOro WHTepBana. Takum obpazoMm, d, ompenenser
3aKOH W3MCHEHHSI YCKOPEHHS B TIpeJienax Iara cueTa.

IMapametp d; xapakrepusyer cxemHoe (uucnennoe) nemnduposanue: mpu) < d; < 0,5 —
orpunatenshoe, mpu d; > 0,5 — nonoxurenshoe, mpu d; =0 cxemHOe 3aTyxaHue

OTCYTCTBYET.
I[Tpu pereHrr KOHEYHOMEPHBIX 337124 OOJIBLION Pa3MEPHOCTH PEKOMEHAYETCs] IPUHUMATh

d1 20,5 u d2 20,25
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O¢ddexkTuBHBIE MaTpUIA KECTKOCTH K u BEKTOP Harpys3ok Q, BXOJISIIIIUE B OCHOBHOE
ypaBHEHHE BKIIFOUCHBI B mojnporpammy ZZ Ha puc. 50I1.9.
[IpuBeaeHHBIN aNTOPUTM peaIM3yeT HESIBHYIO IBYXCIOMHYIO CXeMY HHTETPUPOBAHUS.
Hcxonubie naHHble AJis pacueTa npuBeaeHsl Ha puc. SOIL.8.

FHCNEPHUMEHTANEHBIE KO ULUMEHTRI B MeToe Helorapka

e = W cl = U2l = 025

AMMNKUTYAE BeIHWAAKIWER CHNEI Cp =5
Epema HabnioaeHA konebaHni = | IekleHaITe ST
P A Hei napamMeTpe|

MpvpaleHe BpemeHi At = 0.01
Bupabl Harpy3oK, BO3AEACTEYIOLWMX Ha Banky

ol t ;
MunoobpasHan Harpyska  t1 = 0.5 Q) = = t— floor = t1

t t
CHHyCOMAaNeHadA Harmyaka Q) = Qg-sin(10.6)"
[MpAMoyYraneEHAA MMMTYTECHAR HArpy3ka OCTABETE BRMNKIYEHHOA TOMkBKO

OAHY W3 Tpex Harpyaok
t1 =005 t2:=05 a8 =l A . P

t .
nlit) = ﬂoor(fj Qi = if[_t < nl(t)- T+ tl,QU,O)
M=nM o==0 H=2wM
i=im qlj=10 vlj=0 al;j =10 QY =10
A0eck CEPBITE NpOorpatma MHT2MpUpoBaHKA YpaBHeHnA JEMHeHWA MeTOoo oM HI:;HJMEDKE

-
H

JBOAHOR WeNYoK MEILLBH HA STOA MWHWK OMKEDEI8A8IT 38K DLV 30HY
JBOHHOH WENYOK MBI HA 3TOR NUHKMK 38K0LIBARIT QIMKPEIMYH 30HY

Puc. 50I1.8. McxonHble naHHbIE U1 pacyeTa BBIHYKICHHBIX KOJIeOaHUH OaIKu

Kpome xoddpduumentos dy =0,5 u dy=0,25, B HUCXONHBIX JAHHBIX YKA3aHBI:
OTHOCHTENBHBIN Kodduient 3aryxanus konebanuit & = 0,05 (Ha mepBoii cOOCTBEHHOM
9acToTe), aMIUIUTY/a BeIHY)Haomeld ciwisl Qp = 0,5, BpeMEeHHO# mar HHTerpHpOBaHHs
At =0,01 c, koHel MHTEpBalla HHTETPUPOBAHUS f), =2 C.

3agaHel 3 BEIpaKEHUS U1l BBIHYXKIAIOIIEH CHJIBI (CHHYCOMJAIBHOH, HPSIMOYTOJIEHOM,
n1000pasHoit). PaboTas ¢ mpuMepoM, TOMEHSANTE MECTaMH BEIPAXKEHHUS JUIS HArpy30K, TaK
KaKk B pacyeT HIeT HWKHee BBIpaXeHHe, M MNpoHaOmomaite >PdexT H3MeHeHHs
NepeMeeHU TP M3MEHEHUH BBIHYKIQFOLICH CHIIBL.

ITocnemuue 2 crpouku Ha puc. S0I1.8 — MOATOTOBKA pacCUUTaHHBIX pPaHEEe MacCUBOB U
OOHyJICHHE HOBBIX MaCCHBOB IS iepeayun ux B nporpammy ZZ (puc. 5011.9).

ITockonbKy pacueT NHOBTOpsieTCS MHOTOKpaTHO, oH oQopmieH B Buiae mporpammsl. B
Hayaje MporpaMMbl INPHUCBAaHBAIOTCSA 3HAUCHUS IEPEMEHHBIM M MaccHUBaM, KOTOpbIE
JOJDKHBI U3MEHATBCA B Ipouecce pacyera. Jlanee momaroBeiii pacueT oopMileH B BHIE
nukia while, pacuer npojoinkaercst 10 HapyIeHHs Kputepust ¢ < ¢, .

B naHHOM pacuere IelCTBYyeT OJHa BBIHY)XIAIOIIAs CHiIa O HampasieHuro nn. OHa
BBOAUTCS B panee oOHyneHHslit Maccus QV B Buge QV,, <« Q(¢).

Hanee onpenensirorcst a3pdexruubie MaTpuna xectkoctn KK u Bekrop Harpy3ok QQ .,
YUYHUTBHIBAIOLINE TAKXKE MAaTPHIy Macc M U MaTpully JUCCUIIalu (paccenBaHus) H.
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ZZ = |"mauantuue yonoeuna'
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ql < ql

vl vl
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ne10
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Puc. 50I1.9. IIporpammMa pacuera BBIHYKICHHBIX KOJeOaHuM, peanu3syomias metox Helomapka

N3 pemrennss matpudnoro ypaBHenumst QQ = KK -g2  ompenensercss  BEKTOp
nepemenieHnit g2 . Jlanee B mporecce YUCICHHOro AU((HEpEHIHPOBAHUS ONPEICISIOTCS

BEKTOp cKopocTeil v2 u BekTop yckopenuit a2 . ludpa 2 o3Hauaet KoHelr 1ara.
Jlinst mepexojia K CliefyrolieMy Hiary HaijieHHbIe 3HaueHust g2, v2, a2 NpUCBAMBAIOTCS

BenimunHaM gl, v1, al, cooTBeTCTBYIOLIMM Ha4asy CICAYIOIIEro 1ara.

st mocnenyromero BbIBOJA PE3yJbTaTOB pacueTa HalJIEHHbIE 3HAYEHUs MEpEMEILEHUN,
CKOpOCTEH M YCKOPCHHWH 3allMChIBAIOTCA B MACCHBBI (¢, VV, ad, CTONOEI 7 KOTOPBIX

COOTBETCTBYET LIary 7 pacyera.

CocraBHOI MacCHB BBIBOAA DPE3yJbTAaTOB pacyera Ul SKOHOMHHM MecTa B Hporpamme
3amKcaH B BUJIE CTPOKH.

Pesynbratsl pacuera mnpusenensl Ha puc. SOI1.10. Ilynktupom Ha Tpaduke mnokazaHa
3aBUCHMOCTh CHJIBI /' OT BpeMeHH . J|jis mprMepa BeIOpaHa MpsMOYyToJIbHAs Harpy3Ka.
Ilepemerienuss ¢ B34Tbl M3 COCTAaBHOIO MaccHBa BBIBOJA JAaHHBIX IporpamMmbl ZZ. Ha
rpaduke mokasaHsl nepemernieHus koHia oanku (nm = 20). [lomensiite 3HaueHne nm
(HoMep mepemelleHMs) U 3Ha4YeHHe 7777 (HOMEp HalpaBJIeHUs, [0 KOTOPOMY JCHCTBYET
BbIHYKJarouias cujia F) [TomensiiTe CaMy BLIHYXXJAroN[yr0 CUJIy, BKJIIOYasd W BBIKJIOYas
BhIpakeHus ais Hee (puc. SOILS).
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n=2%4 i=1l.n f=Ai g= (zzl)nm . F) = Q(4)
copocTE (222) . A =
fn,i YCHOPEHWE  a) = [_ZZg_]nm ; nepemMelleiie gerpay = supsmooth(t, q)
0.6
o L . %
% : ;i F i :
pini 0.2 . C 3
F(t,.0.1 :
%ma}i(i o s = -
02 &
Yy 0.5 1 1.5 2

4
m = 17 HOMEep HanpaeneHWA, No KOTOpOMY ﬂ,eIFICTEI‘y‘eT EbIHYOAK0WAA Cna F

nm = 20 HOMep nepemealleHWA d, 38aBHCHMOCTE
KOTOPOrD OT BpemMeHW NoKa3aHa Ha rpadivke

nAna Ha cxeny Bank,
NORMEHARTE NN W NMm

Puc. 5011.10. 3aBHCUMOCTD TiepeMeIIeHNs ¢ KoHIa 0anku (nm=2() OT BpeMeHH f IO ACHCTBHEM
BBIHYX/1ato11ei cuibl £

Ha pucynke 50I1.10 npusenensr 2 rpaduka nepemenicaus. OquH (TOUYKH 00O3HAYCHBI
KPECTHKaMH) TIOCTPOCH 10 3HA4YCHUSM BBIXOAHOTO MaccuBa ZZ,. Bropoii— ¢

UCIIONB30BaHHEeM (DYHKLUH CTIIAXXKHBAHUS JaHHBIX SUPSMOOth (CIuIomHas KUpHAst JTUHUS).
I'padyky M3MEHEHHsI CKOPOCTH M YCKOPEHHUS Ha PUCYHKE OTCYTCTBYIOT, YTOOBI HE 3aTCHSATh
rpaduK mepeMeneHHs.

AHnmauusa konebanum danku

Ha mpumepe xonebanmii Oanku yZoOHO TOKa3aTh CO3MAHWE ABIDKYIINXCS OOBEKTOB
(anumanuro). st co3qaHusi aHMMAlMK B pacueTHble (JOPMYJIbl HAZ0 BBECTH MEPEMEHHYIO
FRAME — nomep kazpa.

B name mpumepe nBmKymumiics 0oO0BEKT — 3To Oanka B mporecce konebanmit. Hamo
MOKa3aTh Ha rpaduke yIpyryko JIMHAIO H30THYTON OalIKK B Pa3JIMYHbIe MOMEHThI BPEMEHH.

ANA NPOKIpeIBAHKWA AHARMSELMK

AHMMaUMA pe3ynbTaToE pacyeTa LUEMKHHTE MEILLKD Ha 3TOM 00LekTe

FEAME = 15  Nepel aHumalned yhepute FRAME=15

il=1.8 jl:=FRAME 3+ 1 zz]-i+—1+1 i;: (_zzl_]ﬁ’i SspEr

3

0.1

L

/

51 ) "]

-0.02

-0.06

il
Puc. 5011.11. TToaroroBka Kk aHMManuu KojieOaHuii Oaaku

st mocTpoeHust ynpyrou JIMHUHM MCHOJIBb3YeM BEPTHUKAIBHBIE IIEPEMEIICHUS] CEMU Yy3JI0B
Oamku. Homepa »tmx mepememieHuii 3agaHbl mMaccuBoM i (puc. S0IT.11). B maccuse
BBIXOJIHBIX JIaHHBIX ZZ; KaXIbpld cTonbery mpeiacraBiser coboit 21 mepemenicHue,
COOTBETCTBYIOIINE OTPENICIICHHOMY MOMEHTY BPEMEHH 1.

Iepemennas FRAME nomxna 3amaBath HoMep cronbua mnepeMemieHuid. YToObl
OTPAHUYHTH YMCIIO KAJPOB aHUMALWH (OAWH KaJp — OAWH rpaduk) OepeM He BCE CTOJIOIBI
MOJPS, a, B HAIlleM IpUMepe, depes 3 crondma.
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Jlst co3manHus aHMMAIIHK HAIO TIOCTPOUTH TPadiK, COOTBETCTBYIOIINM OMHOMY (TIEpPBOMY)
kaapy, npu FRAME=0 (puc. 50I1.11). ITockomsky FRAME — nHomep kampa, MOXKHO
BBecTH Kakoe-mnbo 3HaueHne FRAME, 4ro0bl mocMOTpeTh HEMOJBIKHYIO KapTHHKY
Oynymeir anumaiun. Ho He 3a0yapre ymanuth 3Hauenue FRAME mnepen cosmanuem
AQHUMAIHH.

PaccMoTpuM co3aHie aHMMAIHH.

O B rmaBuom MmeHio  Mathcad  Beibepute  komanmy — View » Animate
(Bug » AaumMupoBarts);

O B nosBuBIIEeMcs OkHe BBeauTe 3HaueHus nepemennoit FRAME: from 0 (or 0) to
12 (o 12 mns Hamiero mpumepa);

O 3Bamaiite cKOpocTh ABWKEHHS KaapoB at Frames/sec (kaapoB B CeKyHmy) —
my4mie 3 Kajpa B CEKyHY.

O Ilpu HaXKaToil JEBOH KHOMKE MBIIIH OOBEOWTE IMYHKTUPHOW PAMKOH T'PaHUIIBI
00BEKTA.

O Haxwmure knHonky Animate u HaOmronaiite co3manue kaapoB. Ha skpane
nosiBUTC OokHO mpowurpeiBarens Playback. Haxmwure kHonky mycka u
MOCMOTPHUTE, YCTPaWBaeT JIM BaC CO3JaHHAs aHMMarus. Ecin ycrpamBaer, Hamo
COXPaHUTh AaHUMAIIMIO KaK avi-Qai.

O Haxwmure kHonky Save as (CoxpaHHTh Kak), BEIOCPHTE B MOSBHBIIEMCS OKHE
HYKHBI KaTayor, 3amaite 1 uMs Qaiina u HaxMute KHOKy Save (CoxpaHuTb).

B rirasHoM Menro Mathcad BriGepure mynkr Insert » Object (Bcraska » O0BekT).

B nosBuBmemcs okue Insert Object (BcraBka oOBekTa) BBIOEpHTE KOMAaHIY
From file (Cosnmate u3 ¢aiina), ¢ nomoupo kHonku Browse (O630p) Haiigute
HYXHbIH (aiin, 3aTeM ycranoBute diaaxok CBA3b u Haxmure OK.

TlosiBuBLINICS O0OBEKT OKUBJISCTCS JBOMHBIM IETYKOM MEIIIN Ha HEM.

He mmoxo 0v1 oTpenaktupoBath 00bekT. lllenmkHuTe Ha HEM NpaBOi KHOMKOW MbIIH. B
MOSABHMBIIEMCS KOHTEKCTHOM MEHIO BbIOepuTe KomaHay CBsi3aHHbIA  OOBEKT:
Bugeosanuch » lNpaeka. Ilossurcs oxkuo Bwupgeosanuce B Client Document.
Ycranosute daaxok [NpaBka » MapameTpbl » ABTONOBTOP u niesikuute Ha kuonke OK.
Temeps mpU NBOMHOM IICITYKE MBIIBEI0 HA OOBEKTE BBl OyJeTe BUICTh HENPEPHIBHOC
KoyiebaTenpHOe IBIDKCHUE Oanku. B MeHIO BHIEONPOUTPHIBATENS €CTh U APYTHE ITyHKTHI.
[MoympaxHsHTECh ¢ HUIMH CaMOCTOSITEIIFHO, €CITH XOTHTE.



[Mpumep 51. lnHamnyecknn pacyeT nyocKom
182 paMbl

(Mporpamma 51-MK3-2-pama.mcd)

Ha Toi1 >xe mporpamme, 4TO M pacueT KOHCOJILHOM Oanku B mpumepe 50, mpoBoauTcs
pacuer miockoi pambl. IlogpoOHBIE MOSICHEHHST K METOAY pacdeTra TakKe MPHUBEACHHI B
mpumepe 50. Cxema pacCMOTPEHHOM paMbl Toka3ana Ha puc. S1T1.1.

24 4

Puc. 5111.1. PacueTHas cxemMa IJIOCKON OalIKu

Pama pa3buta Ha 5 syeMEHTOB-cTep)kHEW. JnemeHTHl 1, 2, 3 — KpyIJoro cedeHwus,
JiepeBsiHHBIE Opychbs. DieMeHTHl 4 U 5 — cTajbHas IUIACTUHA MPSMOYTOJIBHOTO CEYECHUSI.
Homepa snemeHTOB ykazaHbI B Kpy>KKax, HOMepa IepeMenieHui (cTeneneii cBobo 1) —
0e3 kpyxkoB. Hagamo koopanHaT B3STO IS SI1€eMEHTOB 1, 2, 3 BHU3Y, A 3IEMEHTOB 4 1 5
Ha JIEBOM KOHIIE 3THX 3JeMeHTOB. COOTBETCTBEHHO B Hayajle KOOPAMHAT JIOKaJbHBIE
HOMepa mepemerieHnit 1, 2, 3. Ha apyrom konme smementa — 4, 5, 6. D10 HEOOX0MMO
JUISL COCTaBJICHHSI MAaTPHUIIBI HHIEKCOB.

Hcxonuble qaHHBIE AJIs pacueTa npuBeaeHsl Ha puc. S1T1.2.

MaTpuua MHOeKcoB

= b-h
pioNo s ORCR=" Pasmepbl b =001 hi=01 A45'=bh Ty5:= —
3NeMeHTOB - . 12
DR ORISR — M _md : _md
MI'=|00 089 10| 4CNONEpeMBlleHil  n = max (M) = 122 = =~ s = "
124356 7 | Jucno sNemMeHToE N = rows(MD) q Al23 T3
RS B =2 2.236 A3 T123
HOMER anemMeHTa k= HOMEPD NepemelleHMa 1=
p e = 1. P nep Ly =1 i , ol s g1 T
CeoliicTBa MaTepuana
1 1 ! Aas Jas
1 1 ! Aqs Tas
y ;g YTkl HaknoHa T e
p=| 1 |10 E=|1 |10 0CH 3M1EMeHTOB ay = atan(_J il
T
7.8 20 50
78 20 oy T = 0 0BHyNeHne Npefsiayliero 3HaveHus F

T
G 04E o= a0 @ = a-@ Harpyak Fi= 0  Fg:= 1000 Fg:= 500
—_—

Macca aNeMeHTOE  m = p-ALL

OrpaHu4eHa No 2-m Nepemelle AR OrpaHNYeHnA No 1-wy NepeMellieHrD

MpaHWuHBle ycroBus g = (4 10)° Ag = (1 237 .0.0001 g=(6)"  Agz:=(0.0001)"
Puc. 5111.2. UcxoaHble JaHHbBIE JUIsl pacyeTa IJI0OCKOH pambl

B uCXomHBIX MaHHBIX K pacueTy pambl J00aBlIeH Y4YeT TIPaHWYHBIX YCIOBUH B
repeMenieHusX. B pacuere koHcConpHOHM Oanku (mpumep 50) Takoil HEOOXOOMMOCTH HE
Ob110. Y4eCTh PAaHUYHBIC YCIOBHUSI MOKHO JIBYMSI CIIOCOOaMHU.

IepBrlii cnocod.
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Iycrs  3agmaHo nepememenue Aj. DTO 03HAYaeT, YTO B CHUCTEME yPAaBHEHHH
F2 = K21A1 + KQQAZ + ...+ k2]A] + ...+ KznAn

F, = KyAy + KopAy + .o+ kA + .+ KA,

BCE WieHbl jA; (i=1, 2, ..., n) u3BectHsl. IlepeHecem uX B MpaBbie 4aCTH yPaBHEHUH, TO

€CTh BMECTO CTOJIOIA {F } OyneM HMeTh {F - kl-]-A j}. CoxpaHsisi pa3MEepHOCTb MAaTPHUIIBI

[K] BCC DJICMCHTBI ki' 3aMC€HHUM HYJISIMHU. OTUM o0ecreynBaeTCs HSKBHBAJICHTHOCTH

cuctembl. Tak Kak OJHO W3 ypaBHEHHMH CTaHOBUTCS JIMLIHUM, TO BMECTO j-TO ypaBHEHHS

3aIuIeM k]-]-A j = kA, uemy cootsetcTByeT 3amena cuibl F; Ha kj;A; n coxpanenue B

matpune [K] anaronansHoro snementa kA ;.

JpyruMu cioBamMH, K BEKTOPY CHII {F } MpuOaBUTh CTOJIOEL j MATPULIBI [K ] , @ B MaTpHIe
[K ] OOHYJIUTh CTPOKY j M CTOJIOEL] /, BEPHYTh HA MECTO AUATOHAJIBHBII JJIEMEHT k]-j.

Takum 06pa30M, YUYHUTBIBAOTCA BCC 3aJaHHBIC T'PAHUYHBIC DJICMCHTEI.
BTOpOﬁ crroco0 yueTa rpaHuIHbIX YCJ'IOBI/Iﬁ Ha3bIBaeTCs croco0 ITuaHo u 3akiaroyaercs B
YMHOXKXCHHUHU HA 0O0JIBIIIOE YUCITO COOTBETCTBYIOIIETO0 AUArOHaJIbHOT'O 3JIEMEHTA, HAIIPUMED,

k]-jA jiOG 1 00aBIEHUH 3TOTO K€ BBIPAKEHMS K MPABOM 4acTH 3TOTO ypaBHEHHMS, TO €CTh

(baKTHYeCKH BBHITOJHEHHE paBEHCTBA kjjAj106 =k]»jA j106, MIOCKOJIbKY ~ OCTaJIbHBIE

claraeMble CTAHOBSITCS HUYTOXKHO MaJbIMH. YUeT TpaHW4HbIX ycioBui B Mathcad-
porpamMmMax rmokasas Ha puc. S1I1.3.

Y4YeT rpaHu4YHbIX YCNOBWH B MepemMeleHmnax j = 1.n 1= 1. rows(g)
T - ] - ]
Fi= for ie 1. rows(g) Pgi = Kgi,gi&gl
Pjer—Kj,gi-I_‘.gi
. o e ] ) g ) : P [ ]
B [Bgy £ 851 B [Bp e
0 otherwise 0 otherwise

MeTod MNado yYeTa rpaduyHBRK YCNoBKA BBIKNOYMTE OUH W BKTIHOMMTE Oy oM
’ CAOCOBE! YYETa MPaHKYHEX YCNOBWHA
e =Tl W= e PeaynbeTaTkl HE MIMEHATCH
%.8 " % G
Puc. 5111.3 JIBa meToa yuera rpaHUYHbBIX yCIIOBHA

Janee nporpaMma pacdera Ta ke, 4TO M JIJIsl KOHCOJIbHOW Oasiku U ommcaHa B mpumepe 50.
Bcest mporpaMma ¢ pe3ysibTaTaMu pacuera ecTb Ha KOMIIAKT-ANCKE B JICSKTPOHHO KHUTE.

B muHaMudeckoM pacuere Al paMbl HaiIEHBI BEKTOP COOCTBEHHBIX YacTOT KoJjieOaHuit €2,
U3 KOTOPBIX JIMIIb NEepBbie 4 4acTOThI OJIM3KHU K HcTHHE. CIeKTp COOCTBEHHBIX BEKTOPOB A
JlaeT COOTHOILICHUE Y3JIOBBIX mepemelteHuil (GopMy KosebaHuit), HO MOCTPOUTh rpadHKu
(hopm KoneOaHMit HENMb3sI , TaK KakK (PaKTHUECKH Ha KaXI0M rpaduke OyAeT TONBKO 2 TOYKH
— HayaJo 1 KOHEI] JJIEMEHTa.

BeiHyxkneHHble KoJieOaHMsl TUIOCKOM pamMbl TMoj JeiicTBUeM 3amaHHOM cuibl  Q(t)
onpenessArTcs MeronoM Hpromapka NOpsMOro HHTErPUPOBAHUS YPAaBHEHUS JBUXKCHHUS
TaKke Kak Juisi 6anku B mpumepe 50. Pe3yibrarsel pacuera npuBeneHsl Ha puc. S111.4.
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i, 5 A = ol = e = [_zzl_]nm,l Fit,i) = Q[tl]
= t:ZZE:]mn A= [:223)11111 ;  dermaw = supsmooth(t, o)
A A 4' e
i £ I rar
410 # T
4
el
F(t,0-10"

qcma‘.\ﬁi

)
Z1o 0 0.05 0.1 0.15
L
tih = § HOMED HANPABNSHWA, N0 KOTOROMY ASACTEYST BRI AKWAA cuna F
6 HoOMep NeperellleHnA O, 3aBUCHMOCTE [MANA Ha Cxemy pamkl,
nmn =

KOTOPROro oT BpeMeHW NOKE3EHE Ha I'DECDI.-’IKB NOMEHAATE NN W Nm
Puc. 5111.4. BeiHyK/1€HHbIC KOICOAHHUS paMbl

Mopsnok BBOAA UCXOOHBIX AaHHBIX

I[J'ISI CTaTU4YCCKOIro MW JUHAMHUYCCKOI'0 pacucToB Kakoi-1100 z[pyroiz'l paMbl  YKaKeM
MOPAAOK MOATOTOBKU UCXOAHBIX TAHHBIX.

1.

w N

10.

11.

HJ'IOCKyIO pamy p336I/ITI) Ha DJJCMCHTBI-CTCPIKHU. Touku IMMPUJIOXKCHUSA HArpy3ok
00s13aTeNIbHO SABIISIOTCS FpaHPILleﬁ OJICMCHTOB.

Bri6path rimobanbHbIe 0OCH KOOPIAMHAT (SIMHBIC IJIs1 BCEH CHCTEMBI).

BLI6paTL JIOKQJIBHBIE OCH KOOpAWHAT, TO €CTh IA KaXXIO0ro J3JIEMEHTA II0Ka3aTb
HarpaBJICHUE OCH X BOOJIb CTCPIKHS.

0O0603Ha4NTH BCE BO3MOXKHBIE Y3JIOBBIE MIepeMenIeHus mI0ckoi pamel. Ha puc. S111.1 B
3a/leNKax HET IepeMEIIeHHH, B NPOMEXYTOYHBIX Y3JaxX MO 3 mepeMerieHus (IaBa
JUHEHHBIX W OJHO YrJjoBoe). B mojaBecHOM mapHupe (cieBa BBEpXY) YIJIOBBIC
MepeMeIeHus 31eMeHTOB | U 4 pa3auyHble, UM J1aHbl HoMepa 3 u 4.

CocTaBUTh MaTpully HHACKCOB IIYTEM COINOCTABJICHUA JIOKAJbHBIX HOMEPOB
HepeMeHICHI/Iﬁ KaXxXaoro 5J€MEHTa C rio0aabLHEIMU NEpEMCUICHUAMU paMbl Ha I'paHULaX
9JICMCHTA.

3amaTh YIIbel O MEXKAY OCBIO X TIIOOANBHOM M OCAMH X KaXKJOT'O 3JIEMEHTa. YTON o
Bcerga nonoxurteneHbin (ot 0 go 180 rpagycos).

Bgectu Bektop cuin F. [TockoibKy 3aqaHbl OOBIYHO OJJHA WM JBE CHJIBI, TO BHAYaie
OOHyIISIeTCS BECh BEKTOpP, YHCIO 3JIEMEHTOB KOTOPOTO PaBHO YHCIY MepeMeIIeHHHA
CHCTEMBI, 3aTeM C COOTBETCTBYIOIIMM HHIIEKCOM BBOJATCS 3aJlaHHBIC CHJIBI. Bce CHThI
MIPUKJIIAIBIBAIOTCS TOJBKO B y3JIaX AJIEMEHTOB.

BBectn xapakTepucTHKH Marepuana (IUIOTHOCTH p, Momynb FOHra FE, Momynb
casura G).

BBectn reoMeTpruecKre XapaKTEPHCTHKH JIEMEHTOB (UIMHY, pasMepbl M IUIOMIAIb
MIOTIEPEYHOT0 CEYEHHMsI, 0CEBOH MOMEHT MHEPIIMU CEUCHHS).

Jis ompeneneHnss COOCTBEHHBIX YacTOT KOJIOAaHWI, €CIM €CTh COCPEIOTOYCHHBIC
Macchl Ha pame, MX Haxo 3a1aTh (TOJIBKO B y3iax 3JeMeHTOB). J[Is Kakmoit mMaccel
yKazaTh JABa TIIOOAJBHBIX JHHEHHBIX IepeMenieHus (yrJIoBO€ MOXKHO HE yKa3bIBaTh,
OHO HE BBEJICHO B aJITOPUTM PELICHHUS 3a7a4H).

Jns  pacyera BBIHYXKIEHHBIX KoJIeOaHMH CHUCTEMBI HaJ0 3aJaTh Xapakrep
BBIHYXK/IAIOIEH cuibl ((7), HOMEp HamlpaBJIE€HHs /7, 110 KOTOPOMY OHa JEWCTBYET,
HOMEp MEpPEMELIECHUs /1, 3aBUCUMOCTb KOTOPOrO OT BPEMEHHU Bbl XOTUTE YBUAETh Ha
JKpaHe.
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[Mpumep 52. PacyeTt npocTpaHCTBEHHOM
CTEPXHEBOU CUCTEMDI

(Mporpamma 52-MK3-3-npoctpaH.mcd)

Jns 3amaHHON  NPOCTPAHCTBEHHOW CTEP)KHEBOM CHCTEMBI TpeOyeTcs OmnpenesuTh
BHYTPEHHHE YCWIUS B CTEP)KHSIX, HANPSHKEHUS W TIEPEMEIICHUS Y3JIOBBIX TOYEK IpH
CTaTHYECKHUX U TUHAMHUYECKHUX Harpys3Kax.

IIpocTpaHCTBEHHYIO CTEP)KHEBYIO CHCTEMY pACCUMTHIBAEM MATPUYHBIM  METOAOM
nepeMerieHni, aHaIOTMYHO TUIOCKOW 3amade m3 npumepoB 50 u 51. PaccmarpuBaemas
cucrema (puc. 52I1.1) pazoura Ha 6 3JI€MEHTOB-CTEp)KHEH. DieMeHT | ¢ OHOH CTOPOHBI
JKECTKO 3ajenaH, C Jpyrod TpHBapeH K TMOJBIDKHON BTYyJKE, CKONB3ALIICH W
MTOBOPAYHMBAOIEHCS TIO cTepKHIO 2—3. JIeBbI KOHEIl 3JeMeHTa 2 MIPUBAPEH K ITOIBIKHOM
ocH, JIOIMyCKAoIIeH TTOBOPOT U CKOJIBKEHNE BJIOTb OCH Z. DIEMEHT 6 MPUKpPEIUICH K OCH,
JIOITyCKaromeil ToJIpKO BpamieHne (0e3 CKONBXKEHus). JneMeHT 4 NpUKperyieH BHU3y K
cheprudecKoi MapHUPHOU OITope, JOMYCKAOIICH BpallieHHe BOKPYT TPEX OCCH.

Bcero 3ananHas cucrema umeet 20 He3aBUCHMBIX IiepeMelieHri. YToObl He 3arpoMoXkKIaTh
4yepTex, HOMEpa IEpeMEIICHHH YKa3aHbl B paMKe B BHJE J[WaNa3oHa HOMEPOB
NEPEMELLEHUN B KQXKIOM Y3JIE .

L 4

Puc. 5211.1. Cxema mpoCTpaHCTBEHHOH CTEPKHEBOW CHCTEMBI

[IprmeHsieMblii IPOCTPAaHCTBEHHBIN 3j1eMeHT uMeeT 12 crenenedl cBoOop! (puc. 52I1.2).
CootBercTBUe 12  mepeMemIeHUM  KaXAOro MpOCTpaHCTBEHHOro sjemeHtra 20
TIepEeMEIIECHISIM 3aJaHHON CTePKHEBOI CHCTEMBI YKa3aHO B MAaTPHIIEC HHJICKCOB.

N

M

11

2
12 A
o

ik L

Puc. 5211.2. TIpocTpaHCTBEHHBIN CTEP>KHEBOI 271€MEHT
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BEOL BekTopa cun F BEBOA MeoMeToHYe CKMX XapakTe pUCTHE
F = REATPEN("27-f"y 5 := READPEN{"27-2")

BBOO METPWUEI HHOEKCOB EBOA YTNOB MeX Iy OCAMKM

LI = READPREIM("27 1" ) o = READPRII("27-")

pE e S T

N = rows (D) n = max(MD

YWCNO SMEeMEHTOB I = 6§  YMCTO NepemellleHid  n = 20
HOMEp anNemeHTa ko= 1.1 HOMep nepemelleHda  i=1.n
CBOACTEA MaTepuana  nnoTHoCTe  pg = 7800

MOAYNE HOHra Ey = 2-1011 MOOYMb COBKra G .= 04.E

Puc. 5211.3. BBoJ MCXOHBIX JTAaHHBIX K pacueTy

Yactp ucxomHbIX JaHHBIX (puc. 5211.2) BBeneHa HEMOCPEICTBEHHO C KIIaBUATYphI: MOIYJIb
IOnra E, momyne caBura G, miorHocTs Marepuana p. Bekrop cui W reomerpudeckue

XapaKTePUCTUKH CEYCHUH CTEPXKHEH W MaTpHIly MHICKCOB MOXXHO OBLIO TaKKe BBECTH C
KJIABUATYPbI, HO OHU CYMTaHbl U3 (aijIoB P.prn, S.prn u Mi.prn ¢ NOMoIE (HYHKIUH
READPRN. Cuurantsie n3 GpaiioB BEIUIHHbI C TPUCBOCHHBIMU UM HMEHAMH MPUBEICHDI
Ha puc. 52I1.4.

Bce pacuersl B gaHHOM mpumepe Bemyrcss B cucteme Cu.  ['eomerpuueckue
XapaKTepUCTUKH B (aiine S.prn 3amucaHbl B CAHTHMETpax, MOITOMY B HIDKHEH 4acTH
puc. 5211.4 onu nepeBeieHbl B METPHI.

Bectu pacueTsl ¢ y4eToM pa3MepHOcCTeil, kak u B ipumepax S50 u 51 HeBO3MOXKHO, Tak Kak
KO3 HUIMEHTHI MATPHUIIBI JKECTKOCTH HMEIOT PAa3IHuHyI0 pa3MepHOCTh. B mpumepe 53
pacdeT MeTOJI0M KOHEYHBIX 3JIEMEHTOB BBIMOJIHEH C YYETOM Pa3MEpHOCTEH, TaK KaK TaM He
YUUTBIBAIOTCS YIJIOBBIC MEPEMCIICHUSI M 3JEMEHTBl MATPHULBI JKECTKOCTH HMEIOT
OJIMHAKOBYIO Pa3MEPHOCTb.

1L = Ar= Ime= Toe= Tz =

56.4 71 16.2 g1 81
40 71 16.2 8.1 8.1
20 Tl 16.2 8.1 8.1 reoMeTpryeckne
724 71 16.2 81 81 FAR Ik TePUETIEN
40 71 16.2 8.1 8.1 B M
56.4 71 16.2 g1 81
goo o0 0o 0 8§ 4 5 10 7 38
(R SR (AR s R A
MaTpuLa
e sd 5 m 8 g i@ aE il 13 e MHAEKCOR
X 000 18 19 20 11 12 13 14 15 16
OEAEOESOE OO RS2 S A A S 6
(R S (T TR 2R LS ) AR 6 65

PT=(1000 1000 0 -3000 0 O 0OO0O0OO0O0O0 1000 00 10000 0 0) ekTOpCHN

2 4

ey e TR = R lgE rnopesop oM B M

—
m={(p ALl  Maccel 3NeMEHTOB

Puc. 5211.4. UcxoaHble 1aHHBIE K pacyeTy

B mpocrpaHcTBeHHOW 3ajade Kakaas JOKalbHas OCh 3JIeMeHTa oOpaszyeT 3 yria ¢
TII00AJIBHBIMU OCSIMH KOOPAMHAT CTEPXKHEBOW CHCTEMBI, TIO3TOMY JUISl KaXKAOTO HJIEMEHTa
3ajaercs crpoka u3 9 yrinos (puc. 5211.5). Han marpuneil yriioB nokazaHo MeXAy KaKUMH
ocsaMu 3anucaH yroi. KocuHycel 3THX yIJIOB BXOAAT B MATpPUIYy HAIPABISIOMIUX
KOCHHYCOB. /Iyl BBIYMCIICHNSI KOCHHYCOB HCIIOIB3YETCSl OTEPaTOp BEKTOPU3AIMH, TaK Kak
apryMeHT KOCHHYyCa — MaTpHIIa, a HE YHCIIO I BEKTOP.
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by by bem W Wy e b by Lo
45 90 45 90 0 90 135 90 45

0 909 90 0 90 90 90 O YMel o W KOCHHYCE! | AnA
MATPUL! HANPABNAKLLMX
0 90 90 9 0 90 90 90 O KOCUHYCOB
(S =|
34 56 90 124 34 90 90 90 O
90 0 90 0 90 90 90 90 O ; ( ]
= EEE|| ek
90 45 45 90 135 45 0 90 90 180

Puc. 5211.5. Y1l MeXay JTOKaIbHBIMU U TTI00aJIbHBIMU OCSIMU KOOPAMHAT

Tpu cranmapTHBIE MaTPHIEL, B TOM YHCIIE M MAaTPHUIIA HAPABISIOMNX KOCHHYCOB, CKPBITHI
OT IJIa3 B 3aKpbITOil 30He (puc. M2.6). Ilo BuOy M COINCpKaHWIO OHH TaKHe K€, KaK B
npumepax 50 u 51 (cm. puc. 50I1.3), HO 3aHUMAIOT ropa3no Ooisblie Mecta. B miockoit
3a/laue ATU MaTPHULBI UMEIOT Pa3MEPHOCTh 6x6, B IPOCTPAHCTBEHHON — 12x12.

YT1oOBl CcO31aTh 3aKpPBHITYIO 30HY, BbIOEpHTE B IJIaBHOM MEHIO komaHny Insert» Area
(BcraBka » 3oHa). [losBsaTcs nBe ropu3oHTaimbHbIC JMHUK. [l[edKkHUTE HA KXKIOW M3 HHUX
JIeBOW KHOITKOM MBIIIN M TepeTalliTe UX B HAYaJl0 U B KOHEI Oymymieid 30HBL. Temeps
[IEJIKHATE HA OJHOM M3 HUX MPABOH KHONMKOW MBIIIM M B OTKPBIBIIEMCS KOHTEKCTHOM
MeHio BeiOepute komanay Collapse (Cxkarp). ComepkuMoe 30HBI HCUE3HET W3 BHIY, HO
OCTaHeTCA B IPOTPaMMe pacueTa.

UroOBl OTKpHITH 3aKPBITYIO 30HY, IBXKIBl LICIKHUTE MBIIIBIO HA JIMHUU, 33 KOTOPOH
CKpbITa 30Ha.

Kak yxe cka3zaHo, CKpbITbIE MaTpPHUIIBI pa3MepHOCThIO 12x12 comeprkaT mo 144 snemenra.
Mathcad mo3Bomser HabpaTh C KJIaBHATyphl MaTpHIly, coaepkamryro He Ooimee 100
aneMeHTOB. [lo3ToMy HaOpaHbl OTAEIBHO IBE IOJOBHHKM MAaTpHUIIBI, KOTOPBIC 3aTeM
ob0beauHeHs! pyHKIMelH augment.

Tlopsimok cratvyeckoro pacuera MPOCTPAHCTBEHHOW CTEP)KHEBOM CHCTEMBbI TaKOM ke, Kak
u mwiockoi. OH onucan B npumepe S1. Tak xe popmupyercst MaTpuia )KECTKOCTH CHCTEMBI
(puc. 5011.4), 3agaroTcst rpanuuHbie ycinoBus (puc. S111.3), pemaetcst cuctema ypaBHEHU,
OTIpeNeNsIIoTCs TepeMeleHHsT U y3710Bble ycunusa B crepkHsax (puc. SO0ILS). Pesynpratsl
pacuerta Ha puc. 52I1.8.

3Has y3/oBble nepemenieHuss A, ¢ nomoiublo (GyHkuuit ¢popmel N(x) MOXHO HalTh

nepeMerieHre MPOU3BOIbHOTO cedeHust U(Xx) Kaxaoro sjeMeHTa-CTepikHs 1Mo hopmyie
U(x)=N(x)-A,
rae N(x) — matpuia GyHKiuii (OopMbI pa3MEPHOCTBIO 2X6 JUIs TUIOCKOM 3amauun, 3x12 —

JUIs. TIPOCTPAHCTBEHHOM 3anaud. OyHkumu Qopmbl (PyHKIMM DpMuTa) NPUBENCHBI Ha
puc. 52I1.6. Tam e npuBecHBI rpadUKU IepEMEICHUI 110 TpeM ocsiMm X, ¥, Z.

5 2

W) = 1= 1) i e 1) = B = B
Ik, 1L 3 2
1L 1L
X3 X2 X3 Xz X3 Xz
GRS e  BhESEe HsGai
TR Tt g2 L
Mi(z,L) 0 0 0 0 0 N2zl 0 0 0 0 0
M (x,L) = 0 N3(x,L) 0 0 0 W (xz,L) 0 M5(x,L) 0 0 0 N6z, L)
0 0 M3z, L) 0 —Md(x,L) 0 0 0 M5z, L) 0 -Mé(x,L) 0
: - o . 4 NEepEMELLEHNA NPDOWIBONEHOTD NOMEHARTE HOMER
Uz, i) = 100018 (e Li, i) Ae™  oociim x anomenTa | x=0,001..1 mp =3

ANeMeHTa me

NEpEMELEHEA SIEMERTA 10 OCAM 1-%,2-v,3-2

Uz, me)q 10
: anse®

U, me)z ,..--""p/
.U.[:;I; b 0L - “'..:,:_-ﬂ | =]

- Mg e

o '_,...d"
r—_— o™’ :_,—-""'
0 L ol
o

B 0z paafappase st

0 0.1 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1

pie

Puc. 5211.6. Yrpyras muaus 1e(OPMUPOBAHHOTO CTEPKHEBOTO IIEMEHTA

[lomenstiiTe HOMEp 3JIEMEHTa M,, 4TOOBI TOCMOTPETh BHJ YIPYroW JMHHU APYTUX

AIIEMEHTOB.
JnHamudeckui pacueT NMpOCTPAHCTBEHHOM CTEPKHEBOW CHUCTEMBI BEJIETCA TakK Ke, KaK U
Iockoi cucrembl B mpumepax 51 u 52 (puc. 50I1.6). ChopmupoBaB marpuily Macc
CHCTEMBI, ¢ MOMOIIbI0 QyHKIMI genvals u genvecs ormpezesseM BEKTOP COOCTBEHHBIX
gyactToT () ¥ cHekTp coOcTBeHHBIX BekTopoB A . IlpaBma B cmydae pamer (u
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MPOCTPAaHCTBEHHOW W IUIOCKOM) MOCTpOUTh rpaduku (opMm KonebaHuii He ynaercs. Benp
nepeMeIIeH s ONPEJIeIISIOTCS TOJABKO B y3nax (1o koHuam crepxHei). [Io nByMm Toukam
KpUBYIO He mocTpouTh. HeoOXxomumo pa30MBaTh KaXKIblii BJIEMEHT Ha HECKOJIBKO
3JIEMEHTOB MJIM BMECTO JITHEHHOTO HCII0JIb30BaTh KBAaJPAaTUIHBIN JIEMEHT.

PE3YIbTATbI PACYETA

YWINOBEIE HArDY3kW Ha aneMeHTRl YaNOBLIE NepemelleHnd A COBCTBEHHLIE YACTOTEI &2
207 100 100 —234 —078 4206 M Mo HanpaeneHuiD | konebaHui cHCTemMbl
: 8
115 888 -19%8 73 480 -1 o - 43107 = Qrepuj =
307 1000 2218 64 110 -345 | o Mj 27E
—22 1 1 0 26 0 M i Ha2

2756
an1.2
500.9

-0.203
-0.2
-0.031

—86 =200 287 0 -20 &5 My
42 159 227 0 64 = Mz

Eii= F90.7
-307 -100 -100 234 978 —-4306 | D= -0.008 —
~115 -888 1998 73 —480 1 Qy E;‘;; 10051
—307 1000 2218 —64 —110 345 Qz 0 D53 T

— 17541

B =l =1 =@ =25 =0 M " -0 e
e 12 0.003

87 —200 157 -46 -24 130 v = 2660.4

w

-0.027
22 188 slgn 55 doE |l Mz 1 -0.047
15 -0.812
16 0.787

=

Puc. 52I1.7 Pe3ynbTarsl pacuera NpoCTPAHCTBEHHON CTEPKHEBON CUCTEMBI

BriHyKeHHbIE KOJIeOaHHS TPOCTPAHCTBEHHOM CTEPKHEBOW CHUCTEMBI IO/ JAEHCTBHEM
3agaHHON cuibl Q(t) ompexensiorcss MeTonoM Hplomapka NpsSMOTO HMHTETPHUPOBAHUS
ypaBHEHWUSI IBIKCHUS TaKXKe Kak i Oaikd, paccMoTpeHHoi Boimre (puc. S0IL.8 u 50I1.9).
PesynbraThl pacuera npuseaeHs! Ha puc. S2I1.8.

n=2%4 i=1.n t=At o= [_zzl_)nm . B = Q(_ti:]
V= t-zzz-]nm,i a4 = t-zzj-]nm,i fermax = supsmooth(t, o)
6107
4107 e = 4
. S
»eé 5 T o
Fet, )10’
%maﬁ(i 1]
2107
4107
0 0.02 0.04 0.06 0.08
4

nn =4 HOMEP HaNpaBneHWA, No KOTOpOMY JeACTEYET BeIHyAAKWAR cuna F

HOMeED NepemMelleHnd 4, 38BHCHMOCTE [NAAA Ha Cxemy pamel,
KOTOPOro OT BREMEHH NOKa3aHa Ha rpachke  NoMeHARTE NN | nm

g

Puc. 52I1.8 BeinyneHHbIe KoJIeOaHNS IPOCTPAHCTBEHHOM CTEPIKHEBOIM CUCTEMBI

nOpﬂﬂ,OK BBOAA UCXOOHbIX AAHHbIX

1. 3amaHHYIO CTEPXKHEBYIO CHCTEMY Pa3OUTh HA JIEMEHTHI-CTEPKHH. TOUKH MTPHUITOKEHUS
Harpy30K 00s3aTeJIbHO SBIIIOTCSA TPAHUIICH 3IEMEHTOB.

2. BriOpats robanbpHbIe OCH KOOPAMHAT (€AMHBIE IIJIS BCEH CUCTEMBI).

3. BBI6paTB JIOKAJIBHBIE OCH KOOpAWHAT, TO €CTh IJId KaXI0ro 5J3JIEMCHTA IIOKa3aTb

HarpaBJICHUE OCHU X BAOJIb CTCPIKHA. Ocu y U z JI€XKaT B INIOCKOCTHU CEYCHUS, 06]333}7}1
IMPpaBOCTOPOHHIOIO CUCTEMY KOOpAWHAT.

4. O003HaYUTH BCE BO3MOKHBIE y3JIOBbIE IIEPEMEILICHHUS TITIOCKON paMbl.

5. CocraButh MaTpully HHACKCOB IIYTEM COINOCTABJICHUA JIOKAJbHBIX HOMEPOB

HepeMCIIICHI/Iﬁ KaXxXaoro 3JE€MEHTa C rio0aabLHEIMU NEepEMCIUICHUAMU paMbl Ha I'paHULIaX
9JICMCHTA.

6. 3amath yriael O MEXIy TJI00adbHBIMH OCAMH X,Y,Z W JIOKAIBHBIMH OCSIMH X,),Z
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10.

11.

KaXXJ0To dJeMeHTa, kKak Ha puc. 52I1.5. Yron a Bcerma nonoxutensHelii (o1 0 o 180
rpagycos).

BBectu BexTop cui F. ITockoibKy 3aiaHbl OOBIYHO OJIHA JIM JIBE CHJIBI, TO BHaYaje
OOHyJIIeTCS BECh BEKTOp, YHCIIO 3JIEMEHTOB KOTOPOTO PAaBHO YHCIy MepeMEIleHHH
CHCTEMBI, 3aTEM C COOTBETCTBYIOIIMM HMHJIEKCOM BBOJSTCS 3a/laHHBIC CHIIBL. Bce crtb
MPUKITABIBAIOTCS TOJIBKO B y3J1aX 3JIEMEHTOB.

BBectn xapakTepucTHKH Marepuana (IUIOTHOCTH p, Momynb lOHra FE, Momynb
casura G).

BBectn reoMeTpruecKre XapaKTEPHCTHKH JIEMEHTOB (UIMHY, pa3Mepbl W IUIOLIAIb
MIOTIEPEYHOT0 CEYEHHMsI, 0CEBOH MOMEHT MHEPIIMN CEUCHHS).

s ompeneneHnss COOCTBEHHBIX YacTOT KOJIEOAHWI, €CIM €CTh COCPEIOTOYCHHBIC
Macchl Ha pame, MX Haxo 3a1aTh (TOJIBKO B y3iax 3JeMeHTOB). J[Is Kakmoit maccel
yKa3zaTh TPH TNIOOAJBHBIX JIMHEHHBIX HepeMenieHus (YIJIOBBIE MOXXHO HE yKa3bIBaTh,
OHM HE BBEJICHHI B aJITOPUTM PELICHUS 3ajauHl).

Jlis  pacdyera BBIHYKIACHHBIX KOJCOAHHMI CHCTEMBbI HAJ0 3aJaTh XapakTep
BBIHY)KJatone cuiabl (J(7), HOMEp HampaBl€HUsl n1, MO KOTOPOMY OHa JEHCTBYET,
HOMEp IEepEeMEILEHUs 1, 3aBUCUMOCTb KOTOPOI'O OT BPEMEHHU BBl XOTHTE YBHUIETh Ha
JKpaHe.
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Mpumep 53. Pacyet kornbua metogom
KOHEYHbIX 9N1EMEHTOB

(Mporpamma 53-MK3-4-konbLo.mcd)

MerTo1 KOHEUHBIX 3JIEMEHTOB NpPEAHA3HAYEH ISl IPUOIMKEHHOTO PEIIeHUs TPAKTHYECKH
TMOOBIX CHCTEM ypaBHEHWI: anreOpandeckux, AudQepeHnnaIbHbIX, HHTETpaTbHbIX. OH
IIMPOKO PACHPOCTPAHEH B PA3IMYHBIX OOJACTIX 3HAHUHA: B MEXAaHHUKE, TEPMOANHAMUKE,
THAPOJMHAMUKE, Ta30AWHAMUKE W T.Jd., TO €CThb BeE3/le, IJE€ HEBO3MOXHO HAaUTH
aHAJTUTHYECKOE PELICHUE MPoOIIeM.

Ho mpenBapurtensHO MPOHU3BONIbHAS CUCTEMA YPaBHEHHUH JI0JKHA OBITH IpeoOpa3oBaHa B
CHCTEMY JIMHEHHBIX aJireOpandeckuX ypaBHEHHH, UMEIOINX MaTpuuHbli Bujg F = K- A.
3mece F— BekTop mpaBeIX uacTell ypaBHEHHH, A — BeKTOp Heu3BecTHbIX, K —
CUMMETpHUYHas Matpuiia K03(QOUIMEHTOB TpU HeW3BeCTHBIX. [loyyueHHe TaKOW CHCTEMBI
YpaBHEHMI — O4YeHb HENpocTas 3ajadya, HO OHa YK€ pelIeHa NPaKTHYEeCKH BO BCEX
B)XHBIX NPUKJIQJHBIX cepax.

B ympyroii 3agade Teopun ynpyroctu ypaBHeHune I = K - A mpezncraBisieT co0O# 3ammch
3akoHa ['yka B 0000mmenHoi popme.

IlosicHuM CynIHOCTE METOJA.

O VYnpyroe teno pazdouBaercsi Ha deMeHThl. OObEMHOE TENO Ha TETPadApbl WU
napamenenuneas. [I1ockoe Teno — Ha TPEeyroJbHUKH U IPSIMOYTOJIHUKH.

O [l KakZoro 3JIeMeHTa COCTaBIsAeTCs MaTpuna skectkoctu K ¢ ucnosp3oBaHneM
¢bynkuun dpopmel. DyHkuus Gopmsl npeacraBisieT codoit cocod anmnpoKCUMaIuu
HEM3BECTHOW (YHKIMHU IepeMenieHnit A .

O Marpuibl )KECTKOCTH 3JICMEHTOB OOBEAMHSIOTCS B €AMHYI) MATPHILY KECTKOCTH
JUISL BCETO TeJa.

Pemmras cucremy ypaBHenuit I = K - A, HAXOIAT y3/I0BBIE IEpEMENICHAST A .

C moMompI0 ypaBHEHHH TEOPHM YNPYTOCTH OINpefensiorcs nedopmanuu U
HaINpsDKEHUS B Y3JIOBBIX TOUKAX Tela.

B nanHOM mpuMmepe pemnraeTcs IUIOCKas 3afada TeopuH ynpyroctu. Kosbno, HarpyxeHHOe
neyms cmnamu  (puc. 53I1.1, cnpasa), umeer naBe OCH CHUMMETPUH, IO3TOMY IS
MOBBIIICHHUS] TOYHOCTH pPacyera pacCMOTPUM OJIHY YETBEPTYIO 4acTh KoJibila (puc. 53I1.2).
Ha ocsix cHUMMeTpHM [IOJDKHBI BBINOJHATHCS TI'PAaHUYHBIC YCIIOBUS PAaBEHCTBA HYIIIO
nepeMeIIeHUH, IEPIEeHAUKYIISIPHO OCSIM CUMMETPHH.

PaccmaTpuBaeMylo 4yeTBepTh KOJIbIa pa30MBaeM Ha TPEYrojbHbIE KOHEYHBIE 3JIEMEHTHI
(puc. 53I1.1). TpeyroibHBIi 3JIEMEHT UMeeT 6 cTerneHeld cBoOO bl (HE3aBUCUMBIX Y3JIOBBIX
nepemenieHnii). Hymeparms y3noBBIX NEpeMEICHUH B 3JEMEHTE HAuMHACTCS B HIDKHEM
JIEBOM Y3Jie TPEYTOJbHUKA M MPOJOJDKACTCS MPOTUB YaCOBOW CTPEJKH. | OpH3OHTANbHBIC
nepeMeneHls — HeYeTHbIe, BepTHKaIbHbIe — 4eTHble. Hymeparms y3ioB BCero tena u
KOHEYHBIX 3JIEMEHTOB — I10 CTOJI0IIaM CBEpXY BHHU3, CJIEBa HAIIPABO.

! 2

1
hr @ 6 4
7 @ 13 5 ﬁ3
tl 4 @ ' b‘
3 14 2 A
A 1
—

Puc. 5311.1. Cxema Harpy»K€HUsl U TPEYTOJIbHbIA KOHCUHBIN 3JIEMEHT

B namem mnpumepe Bcero 66 y310B u 100 koHeuHBIX 3neMeHTOB. llonoxxeHue
paccuMTaHHBIX y3710B MOKa3aHo Ha puc. 53I1.2, cripasa.
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Paccmatpueaem 1/4 koneya

i=1_H0O
g -
b [
254 3 0
AN
20 g -"‘ .l-
Z : : -" -i-
I 15 3 [ ] .l' ..'
MM - -Il
LI BT .,.'l' P
--"'--
5 L
I:I A e e S

0 5 10 15 20 25 30
W
MM

Puc. 5311.2. PacueTHast cxema 1 KOOpAMHATHI y3JI0B

Pasmepbl paccMaTpUBaeMoid YeTEEPTH KoNbLA

rl = 30.um HAPYHHEIA pagmryc konelua

r2 = 15.mm BHYTPEHHWA panyc koneLE
t=357mm TOMNWLWHE KONBLA
$1 = 90.rpag  ¢2 = O.rpag YION OXBATA PA3OHBASMOR 4ACTH KONBLA

Z0= 0 Y0 = 0nm KOOROWHETBI LBHTRE KONBLE

or ;= 11 YMCno pasbreHuid No paguycy
nd =35 HUCTIO PA3BHEHMA NO YTy
NOMEHARTE EbIASNSHHEIS BEMMYHHEI

BbI30B hyHKUWM aBETOMaTHYeCKpro pa3bueHuna Tena
Ha 3NeMeHTkI W COCTaBNeHUA MaTPULbI MHOEKCOB

[+] Eeference E'wHUr#'WHHIa-CconmpoMaT\Ip HMepE NEETHEETEKCT-IME DiaTtkan\ 2o -IMatr-indT mcd(E]

MHCND YN0 NI =55 YHCNO Y3N0oE B pAOY ey = L

HHCNC anNeMeHToB HNE = 80 MHCNO PAA0E B CTOJ'If)Ll'e np =5
Puc. 5311.3. BBoa pa3zmepoB Tena

Pa3mepsl 251eMEHTOB MOTYT OBITh Pa3HBIMH (YEM MEHBIIE JJIEMEHT, TEM BBIIIE TOYHOCTh
pacuetoB). BBox pa3mMepoB paccMaTprUBaeMoii YeTBEPTH Tella Toka3aH Ha puc. 5311.3.

KoopauHatbl y370B MOXXHO ONpEAeNUTb, CKaXEM, 10 MHJUIMMETPOBKE M BBECTH C
KJIaBHATypbl. OTO KPONOTIMBBIA TpyA M TpH OOJBIIOM KOJMYECTBE Y3JIOB JIydlle
aBTOMaTH3MpoBaTh 3Ty pabory. Ha pucynke 53I1.4 mnpuBoanTcs pacyer IOJSIPHBIX
KOOpJMHAT y3JIOB M WX NpeoOpa3oBaHUE B NPSIMOYTOJIBHBIE (JIEKApTOBBI) KOOPIUHATHI C
nomolipio mporpammbl 53-Matr-ind. 3aeck 1 1 r2 — HapyXHbI U BHYTPEHHHUI paHyChl
Koubla, t — tommmHa KombIa, ¢l W 2 — HavamkHOE M KOHEYHOE 3HAYEHHUS YTIIOBOM

koopaunatel, Z0 u YO — jexapToBbl KOOpAMHATHI MONIOCA (HAa4yana MOJSIPHBIX
KOOpAWHAT), n¥ W nd — YHCIO y3J0B B CcTONOUE (BIONB paanyca) U B psAay (IO yriry
OXBaTa pacCMaTPHUBAEMON YacTH Tena).

KponoTiuBoit u Tpy10eMKOH SIBIISIETCS] TAKXKE 3a/1a4a COCTABJICHHS MaTpHIlbl HHAECKCOB. Ha
pucynke 53I1.5 npuBeieHa BTopasi 4acTh HCIOIB3yeMOii B ipuMepe nporpammel 53-Matr-
ind. Tam npuBeleH aBTOMATHYECKUI pacyeT TPaHUYHBIX YCJIOBHM, BHIYHCICHUE HOMEPOB
MepeMeIeHNH, B KOTOPBIX MEpEeMEIIEeHHE Ha OCAX CHMMETPHH PaBHO HYJIIO, B 3aBHCUMOCTH
OT YHCIIa y3JI0B.

ABTOMaTH3aIMs PACUETOB KOOPAMHAT Y3J0B, MATPUIBI HHIEKCOB M TPAHUYHBIX yCIOBUH
MO3BOJIIET ANl JAHHOM CXEMBl MEHATh KOJHMYECTBO y370B. [loMeHsHiTe B OCHOBHOM
JOKyMEHTE KOJIMYECTBO Y3JIOB B PSIly 77 U B CTPOKE 7.
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1:=1.nr 1:=1.n

ppeeierdl  peaCeebl  EmrEmTe e
nr— 1 nd — 1
o= e o s )| Yar-(i- 1)+ = ti-sin[ ) + YO

4MCNO 3NeMEHTOB NI = 2.(ar— 1).(ng— 1)  3IMT = 100

MIT = |iel &1

: NE = rows (1
S el s
ras Lt NTT ‘= max(MITT)
for 1€ 1. nr
ME = 100 T

2l = (e = 1G] = TDISE il TN oy s 13| 12

1 1

g2 2.0nr— -1+ 241 7 AR
; Femg 3 14 13 2
Mgy (¢ nrj+i+ 1 - TR
MIUjey g < nrj+1 5 | 15[ 14] 3
: : G 41 15 3

Mgy 3¢ nr(j— 1) +1 e
MIUez 1 (1— 1 +i+1 =8 sl 16| 4
et = q 17| 16 a

Mz 26— nr-j+i1+ 1 = T EEINE
MiUiez 3¢ nr-(j= 1) +i 1| 18| 17| &
12 Tl 18 5}

break of 1€l = NI -1 ~ BRTIETIEE
IATTT 14 af 19 7
148 | 200 19 8

16 af 20 8

Puc. 53I1.4. [Iporpamma Matr-ind 1yis pacueta MaTpUIbl HHICKCOB

B nmaHHOM mnpEMepe NPOAEMOHCTPHPOBAHA BO3MOXKHOCTh OOBEIMHEHUS HECKOJIBKHX
Mathcad-10KyMEHTOB B OJTUH C TIOMOIIbIO CCHLIKH HA HUX.

Pacuetnl KOOpJAWHAT Y3JI0B, MaTpulbl MHACKCOB MW TI'PAHUYHBIX ycﬂOBI/lﬁ O6’be}11/IHeHI)I B
OIIMH JNOKyMeHT moj Ha3BanueM 53-Matr-ind. B ocHoBHOM JOKyMeHTe JeaeTcs CChUIKa
Ha 53-Matr-ind (puc. M4.3). B pesynbrarte 00a JOKyMeHTa OOBEAMHSIOTCS B OIMH U
paboTtaroT coBMECTHO, XOTsI foKkyMeHTa 53-Matr-ind u He BuiHO Ha dKpaHe.

Jis  co3maHus  CCBUTKM Hago B TiaBHOM MeHo Mathcad BwiOpaTh KOMaHZIY
Insert » Reference (Bcraska » Ccbutka). B oTKphIBIIEMCcst OKHE, HaXaB KHOIKY Browse
(O0630p), ykaxuTe MyTh K JOKYMEHTY, KOTOPBI XOTHTE BKIIIOYHTH B pacueT. Haxmute
kHonky OK. B OCHOBHOM [OKyMeHTe TOSBUTCA cTpoka (puc. 53I1.5) ¢ wuMeHeM
HOAKITIOYEHHOTO JOKYMEHTA.

[Ipn Kakux-mM00 M3MEHEHHSX B TOM WM MHOM JOKyMEHTE aBTOMATHYECKHH Iepecuer
TOPOUCXOIUT TOJIBKO MOCIIE COXPAHCHHS M3MEHEHHH B JIOKYMEHTAX.

B naHHOM mpuMepe YHCIO Y3IIOB B PAAYy M7 M YUCIO Y3JIOB B CTPOKE 7¢ 3aJaHbl B

rnaBHoM Jgokymente. Ilporpamma 53-Matr-ind npuHuMaer 5Tv 3Ha4YeHUs], BBIYHCISET
KOODJIMHATHI Y3JI0B M MATPHIly MHIEKCOB, MEpeIaeT WX B TJABHbIA JIOKYMEHT, TA€ ITH
JIAaHHBIE YYACTBYIOT B MOCJE/YIOIIUX pacyeTax.

BBOA rpaHWYHbIX YCNOBEWA B NepeMeLleHWAX
g=0a1=1nm g=21-1 Agio= 0w

Eiinr = e R e A = 0-1m

3annce pe3ynbTaToB pacyeTa BO BHelHWe tharnbl

1= 1. rows(z) 3= 1. rows(g) Coord; | =1 ;1= 1
1 1l 1

Coord<2> = e— Coord<3> B gu(2> = gu(3> = dg—
MM MM MM

WERITEPRN(" 23-Iliuf" ) = MU
WERITEPEN("23-Coord" ) == Coord

WRITEPRN("23-gu") = gu
Puc. 5311.5. 3akmrounrtenbHas 4acTb nporpamMsl Matr-ind

[porpamma 53-Matr-ind moxer pabotaTe u 6e3 MOAKIIOUCHHUs Apyroil mporpammsl. Ha
pucynke 53I1.4 Hago BKIIIOUMTH BBOJ 3HAYEHUH 77 U 7¢, BBIOPAB B KOHTEKCTHOM MEHIO

komanay Enable Evaluation (BkiiounTs BeraucieHue).
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KoopanHaTel y3710B, MaTpuIly HMHASKCOB W TPAaHHYHBIE YCIOBHS MOJMKHO 3alMCaTh B
oT/eNnbHbIC (aiiibl, Kak 9TO caelaHo B Kowile mporpammbel 53-Matr-ind (puc. 53I1.5). B
JanbHeimem 3t daitnel MoxkHO cumtath (ynkumeir READPRN u ucnons3oBath B
JpyroM JokyMmeHte. PesynpraTel paboTel mporpammbel  53-Matr-ind nokazanel  Ha
puc. 53I1.6.

MaETRWLUE MHOeKC OB

MIT

1 2 3 4 5 4] {7 g 9 [10

(| S e 3| 14 4| 16 G| 1% 3]

[oe]

T2 13 13| 14 14| 18| 1&6| 16| 16| 17

3 1 1 2 2 3 3 4 4 b} 5

KOOpOWHaTE! YaNoe

i

R 1 2 3 4 g g T a2 9 10 BN
1 -0 -0 -0 -0 -0 -0 -0 -0 -0 -0

T

y = 1 & 3 4 g 4] 7 g ] 10 i
1 300 285 27| 254 24 225 21| 195 18| 165

paHWYHbIE YCNOBWA:

HOMEPE 3aaHHEX NepemelleHuiH

gT=(l 3257 % 11 13 15 17 1% 21 S0 52 94 %6 58 100 102 104 108 108 110)

3ddaHHble NepeMellleHWA

T Fa—
bg =(0 0000000000000 0O0O00O00 0 0)um rows|Ag) = 22

Puc. 5311.6. Pesynbrarsl pabotsl nporpammsr Matr-ind

JlaHHBI pacueT NpOBENEH C YYETOM pPA3MEPHOCTEH, MO3TOMY B Hayajle JOKYMEHTa,
BBEJICHBI IPOM3BOJIHBIC PAa3MEPHOCTEH Ha PYCCKOM S3bIKE. YYeT pa3MepHOCTEil BHOCUT
JIOTIOJIHUTEJIbHBIE TPYAHOCTH B JIOCTATOYHO CJIOXKHBIH pacuer, OCOOCHHO MpU BBOJE
MaTpuIl OT pa3MepHbIX BenuduH (puc. 53I1.7). CiaoxHO, HO MOXKHO. DTO U AEMOHCTPUPYET
JIaHHBIIM IpUMep.

B mocnenyromux npuMepax pacuer Npou3BesieH 0e3 ydyera pasMepHOCTeH, a pa3MEpHOCTH
YKa3aHbl B Ka4€CTBC NPUMCUaHUA K BBIYUCIICHUAM.

COBET

[lpu co3manum CIIOKHBIX TIporpamMm u30eraiTe ydera pasmepHocTeld. borbimoe
KOJIMYECTBO JHCKPETHBIX IIEPEMCHHBIX W MATPHI[ BBI3BIBACT MHOI'O CIIOKHOCTEH C
MPUMEHEHHEM pa3MepHOcTedl. HekoTopble BCTPOCHHBIC (GYHKIMH BOOOIIEC HE MOTYT
paboraTh ¢ pa3MepHbIMH BeiauuuHamu. lcuesaer riaBHOe JocTOoMHCTBO Mathcad:
y100CTBO M TIPOCTOTA HUCIIOIB30BAHHSI.

HerenecooOpa3HO U3roTOBIEHHUE OHOTO JOKYMEHTA U3 JIBYX C MOMOLIbIO CChUIKH. Ecin
BCTaBJISIEMBIil IOKYMEHT IPOCTOMi, €ro JIyd4llie BCTABUTh KOIMMPOBAHUEM H, IIPH XKEJIAHUH,
CKpBITh B 3akpbIToil 30He (Insert b Area, Collapse). Eciim ZOKYMEHT CIIOKHBIH, TO €ro
B3aUMOJCHCTBME C OCHOBHBIM JIOKyMEHTOM TOXE HE MPOCTOE: BO3MOXKHO
TIepeNPUCBOCHIE TIEPEMEHHBIX, HATOKCHHE MACCHBOB JIPYT HA JIPYTa.

V106HO nepeiaBaTh JaHHBIC M3 OJHOM MPOrpaMMbl B IPYTYHO, 3allMChiBas MX B (aiiin u
cuuthiBas u3 ¢aiina. OnHako umeiite B Buay, uro ¢pynkunn READPRN n WRITEPRN
HE MOTYT paboTaTh ¢ pa3MEPHBIMH IEPEMEHHBIMH.

VY KaxIoro TpeyrojpHOro »jeMeHTa 3 y3na U 6 Y3JIOBBIX HepemeleHuid. Marpuna
MHJICKCOB NEPEeMEUICHIH (MaTpHIa CBS3U INIOOATBHBIX HOMEPOB Y3JIOBBIX IEpEMEIICHUN
TeNla C JIOKAIbHBIMM HOMEPAaMH Y3JIOBBIX IEPEMEICHHUI 3JEMEHTOB) MOIydYeHa IyTeM
yABOEHHUA MaTpuLibl Ha puc. S3I1.7.

¥ARAKTEPUCTHEM MaTepuana  E = 2-105-L41Ia poo= 03

MNDS =1 nnockoe WNDS =0 nnockoe
nedopMHpoBaHHDE HanpAHeHHo:
COCTOAHWE COCTOAHKE

BBOJA BekTOpa Cun k=1.2NT F,=0xH F;=-1xH

hOPMUPOBAHKE MATPUUEl MHASKCOE NepemMelleHui
no MaTpuue WHOSKCOB Yanos k=1.ME i=1.3

Ml 341 =280, ;-1 Ml 7.4 = 2 My 4

Puc. 53I1.7. BexTop cui 1 MaTpuia HHIEKCOB IIepeMelIleHUH



Marpuia *ecTKOCTH dJIeMEHTa paccUuThIBaeTcs 1o popmyie K = IBT -C-B-dV ,rne:
4

194 o B=D'N;
C — wMarpuma BHYTPEHHEH JKECTKOCTH, COJEpXKallas YIpyrue MOCTOSHHBIC
marepuana E, p, G (puc. 53I1.9);

O D — marpuusbli nuddepeHIraIbHbI OepaTop, O3HAYAIONINA ONpeIeTICHHYIO
TIOCIIEA0BATEIFHOCTh IPUCBOCHUS 3HaKa TuddepeHnnpoBanus;

O N — marpuna ¢pyHKIu GOPMEIL.

J1 TUHEHHOTO TPEYToNBHOTO AIeMeHTa (GYHKIUS (GOPMBI — ypaBHEHHE TIOCKOCTH

N=(a-y+b~z+c)-i,rzxe:

Q a,=2;-2;b=~(Y; ~Yp); ¢, =Y; 2, — Y - 2;; A — IUIOWAMD dIIEMEHT;

QO y, z— KOOpIWHATHI TOYKH Tena, I, j, k=1,2,3 — HoMep y3ma (IO NpaBUIy
KPYTOBOM ITEPECTaHOBKN).

MIUy 3~ *MIUy 5 IMIU, 3~ FMIUY 5
al) = —| FMIUy 5~ "MIUy 1 bl = | TMIUy 5~ TMIU 4
MIUy 1 ~ *MIUy 3 IMIU 1 ~ FMIUY 5

MIUy 3 YMIU T
1 M AMEMEHTOR

z ¥
MIUg,z “MIUk3 || 2 B koHTeKCTHOM MEH0 BbifepuTe

Ay =05.
M M Square Matrix Determinant

MIUg 3 TMIUy 3

M M
bikdy 0 bikz 0 bigs 0

By = 0 alkny 0 aflk)z 0 atk)z
aflyy bk afk)z blkiz alkls bk

=i
2.4y

Puc. 5311.8. Koo duumeHTs! 1711 OPMUPOBAHUS MATPHUIIBI dKECTKOCTH DIIEMEHTA

ON T
IIpousBoaHbIe . =au =b, nosromy Marpua B = D' N comepKHuT KOHCTaHTHI

Y 0z
(puc. 53I1.8), KoTOpBIE 3aBUCAT TOIBKO OT KOOPIUHAT Y3JIOB.

rMaTprUa BHWDBHHGFI HEeCTHOCTH afemMeHTa

o @
1 0 o
e 155 —— £ NDS=0
g Al T
2
1 o=l g
=
e 0 |p—1"W ¢ ups=1
1-p (1+p)l1-2p)
i
0 et
2= |

MATPWULE MeCTKOCTH aneMeHTa KB = BkT-C-Bk-Ak-t

o

METPMLEMEeCTKOCTH CHCTeMBl 1= 1. 2N 1= 1. 2HNT0 Ej ;=0—

2

+ | KEy]

1i=1.6 =16 Lk=1.HE KMIk,i,MIk,j = KMIk,i,MIk,j i

Puc. 5311.9. Marpunia BHyTpeHHEH *KECTKOCTH JIEMEHTA
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Marpuna BHyTpeHHel skectkoctd C mpuBemena Ha puc. 53I1.9 u 3ammcana B BHIE
YCIIOBHOTO OIleparopa — pa3Hble MaTpuilbl s 1wiockoro HampspkeHHoro NDS=0 wu
TUTOCKOTO AepopmupoBanHoro cocrosaust NDS=1.

Jnst  TpeyroipHOro  dIeMEHTa  HMHTerpal 1o 00beMy paBeH  IPOU3BEICHHIO
HO/BIHTETPAIILHOTO BBIpOKEHUsT Ha o0beM. DopMmyna Ui pacdeTa MaTpPHIBI JKECTKOCTH
sJieMeHTa npuBeneHa Ha puc. 5311.9, BHuzy.

Marpuna *KecTKOCTH CHCTeMBI (BCero Teia) GopMHUpYETCs C IIOMOILBI0 MaTPHULIBI HHAEKCOB
1o TOit e GopmyJie, 4To U B MaTpuuaHoM meroe (npumepst 50, 51, 52).

YueT rpaHuYHbIX YCIOBUM CONPOBOKAACTCA IEPECTPONKON MaTPUILIbL JKECTKOCTH CUCTEMBI
u BekTopa cui (puc. 53I1.10, BBepxy).

YMeT TPaHMHHBIX YCIOBWA B NepemMelleHisx i=1.2N0  i:=1.rows(g)
Fj= for 1€ 1. rows(g) Pgi = Kgi,gi-rﬁgj
Pjer—Kj,gi-&gi
Kgi,j: KglJ if g=j Kj,gi: KJg1 if g=j
0 otherwise 0 otherwise

MeTog MMaHo yYeTa rpaHrYHER YCNOBKI -
BEIKNKOMYMTE OOWMH M ERAKOYMTE ARYTOHA

. - J— . cNocobbl Y4eTa TPAHMYHBI YCTORMA
By g =Ky o100 Fo=K, . d4g PesybTaTkl He M3MEHATCA
ONpefensHie yaNOBbI NepemelieHnid A =K LF L

1 i

NokKankHble NepemelleHa = 1.6 AF k=AML 2 | -8.039410-=

aNeMeHToR Mo cTonBUam i S 0

onpedeneHre  fechopMaLi 1 e ]Esk-&E((k> s 4 | 7.79810°°
HaNpEKeHWA B LEHTRE  snemMeHTa o o =15 o e

@S = G § | -T.57110°3

7 0

g | -7361107

E i

] 7171072

Puc. 5311 10. ®opMupoBaHue MATPUILIBI JKECTKOCTU CUCTEMBI U YUET IPAaHUYHBIX YCIOBUI

VY3510BBIE IIEpEMEIIEHHSI CHCTEMBI ONPEAEISIIOTCS ITyTeM OOpAIeHHs] MAaTPHUIIBI KECTKOCTH
(puc. 53I1.10). Ilpu GosbIIOM KONHMYECTBE YPAaBHEHHH 3TOT cIOCO0 TpeOyeT AOCTaTOuHO
JUTUTEIBHOTO BpeMEHH cyera. Ha ToM ke pUCyHKe MOKa3aHO OIpezeeHHe HAupsHKEHUH U
nedopManuii CpeJHUX 1O IO dIIEMEHTA.

COBET

Jlns  pa3pekeHHBIX JIEHTOYHBIX MAaTpHI, KaK B HAIIeM CIydae, IeIecoo0pa3Ho
HCIOJI30BATh METOJ] X0JIECCKOr0, peann3oBaHHblil B mporpamme MCHB, npuBenenHo# B
npumepe 55.

Y310BBIE NEPEMEIIEHHS 3JIEMEHTOB OINPEACISIOTCS IMyTeM NEpEelpUCBOCHUSI 3HAYCHUH
MepeMeIeHHH CUCTEMBI [0 MaTPHUIIE HHAEKCOB.

[lo ypauenmsM Teopun ympyroctd nxedopmarmm €= D'u, rtoeu — Bekrop
nepemenieHuil. Ilo ypaBHEHMIO CBSI3M Y3JIOBBIX NEpEMEUIEHHMHM A U nepeMeleHuil
MIPOU3BOJBHON TOUKH U

u=N-A. Orcrona aedopMariust IeMeHTa € = (DTN )-A.

[o ¢pu3nueckum ypaBHEHHAM TeOpHH yIpyroctu (3akoH ['yka) Hanpsbkenus 6 =C - €.
CI0’)KHOCTB pacueTa COCTOUT B aKKyPaTHOM HCIIOJIb30BAaHUU WHIIEKCOB 3JIEMEHTOB, y3JIOB,
CTOJIOLIOB, CTPOK, MPUCBOCHUN MHAEKCAM 3HAUEHMH, B3SITBIX U3 MATPULIBI HHAEKCOB.

Jns tpeyronpHOro snemeHTa (QYHKIHUA (DOPMBI JHHEHHA, MO3TOMY HPOHU3BOIHBIE OT
¢yHkumu GopMEl, a, clIenoBaTeNbHO, M AedopManuy, M HaNpsHKeHWs, HaiJeHHbIE Ha
puc. 5311.10 — KOHCTaHTHI IO BCEH MIIOMIAIN SIEMEHTA.

Hampspkenns B y3nax Tena ONpefesioTes Kak cpeHee apudMeTHueckoe HalpsDKeHUH I
nedopmanuii Bo Bcex diieMeHTax, CXOSIIUXcs B y3ie. Pacuer HanpspkeHuid u aedopmanuii
B y3J1ax Teya npuBeseH Ha puc. 53I1.11.

Ha ToMm >xe pucyHke 1mokasaHo onpenesieHue 4-ro 3HaueHus AeopMalyy U HaNpsDKeHUs B
KQKIIOM JJIEMEHTE, HE YIUTHIBAEMbIC B MaTpHLe BHyTpeHHeil sxectkoct C. 310 €, 1 G .

[pu nnockom nanpsokentom coctostaun (NDS=0) 6, =0 u ¢, =—p- (o, +0,).
[pu nnockom nepopmuposannom cocrosuun (NDS=1) ¢, =0 u o, =u(c, +05,).

Paboras ¢ Mathcad-mokymenrtom, omycture Beipakenne NDS=1 Hike BbIpaKeHHS
NDS=0 u mocMmoTpuTe Ha pPe3yIbTaThl pacuera YK€ HE MPU IUIOCKOM HAaIpsLKCHHOM
COCTOSIHHH, a IPH TUTOCKO# Je(hopMariim.



onpefeneHle CPedHuy HanpAEHeHwd v dedopMalrid B yanax
k=1.HE j=1.3 1=1.HNUO ;jl=1.3 gy  =0MIa

196 Ei1,i=0 gg =0 gEMIUk,j = gEMIUk,j+ 1
_ o ) e L
Cjl, MIUy ; = Gjl, MIUy ;+ OByl Kk Til,i = =
_ P . e I
i1, MIUy ; = £j1, MIUy ;+ EEj Kk El,i= =
A20pMaUMK U HANPSHEHWA B 0CEB0OM HANPABNeHUK
BAOMNL OCH X
yron coedra . .
B4 { = €3 { Ef 1= —|.L-|:l81,i+ Ezsi;l f WDS =0
KacaTenbHble 0 otherwise
HaNpHEHUA
ol EoRerl c3i= |wloi+ Gz,i_) if NDS =1
0 otherwise

onpefensHie MHTEHCWBHOCTM HanpsiHeHwd M Jediopmaunid B yanax

: 1 42 V2 ‘ V2 V2
di :=ﬁ-\/(ol,i-oz,u +(02,-03,) + (03— 01, + 6(0,3)
maxci ‘= max ci) maxci = 57.8MIIa

/2

- R e :
£y = Y (_51,1—52,1_.I +1e2,1— €3 4

i (jEB,i— g1 ,ii:lz 4 1.5-rE4,i_J2

1,

mazel = mazl i)  mazei = 0.00024 S Gl Oy = 07,
1 a,

Puc. 53I1.11. Onpenenenue nepeMeIieHnii y3a0B Teja, HalpsHKeHUH u 1edopManuii B HeHTpe
Ka)K0T0 2JIEMEHTA

Jns  OUEHKM TPOYHOCTH JETaly HEOoOXOJMMO HalTH MaKcHMallbHOE 3Ha4YeHHe
UHTEHCUBHOCTH HanpsbxeHui. Ero onpenenenue nokasano Ha puc. 53I1.11 BHu3y.

E BEpTHKANEHOM CEYEHHH B TOpHOHTATEHOM CEYEHHE
40 . a0
y
30 ¥ 30
4
Sy, 20 ", oy, 20
MITa 10O "l T i
Oz IDU P //“--.. o mU el __::;'ﬁ_(
- = ] g
MITa ” - IITa ,/
rl S _—— BT
o 5 /|
0 =30 " o
=0 — i /
A0 4
o -6l
1 2 34 5 a4 7 & 9 1011 55 54 53 52 51 50 49 48 47 46 45
i i
HOMER §raJla HOMED y2J1a

Puc. 5311.12. Pe3ynbTaThl pacuera

PesympraTel pacuera, mnpuBeneHHble Ha puc. S3I1.12, TpakTHYECKH COBMAAAIOT C
pe3yibTaTaMH pacyera KoJIblla METOJOM CHJI C HCIIOJIb30BaHHEM (opMynbl  Juis
HanpsDKeHUH B KpUBOM Opyce. MakcuMmallbHbIe HalpsHKEHHUsS BO3HMKAIOT Ha BHYTPEHHEH
MOBEPXHOCTH KOJblia B 11-M 1 66-M y3max.
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[Mpumep 54. PewieHne ypaBHeHuna [lyaccoHa
NpPU KPYHEHUN CTEPXKHSA

(Mporpamma 54-MK3-5-TlyaccoH.mcd)

B maHHOM mpuMepe paccMaTpUBaeTCs pelieHre ypaBHeHust [lyaccoHa METOJJ0M KOHEYHBIX
JJIEMEHTOB JIJIs1 00J1acTeil TPOU3BOILHON (POPMBI M TIPON3BOJIBHOM Pa30MBKH HA JIEMEHTBI.
Pacnipenenenne KacaTeNbHBIX HANPSHKEHUH MPU KPYYCHHH CTEPXKHS MPOU3BOIBHOTO
ceueHus MmoauuHseTcs ypaBHeHuo [Tyaccona.
2 2

0 o°

22 +260=0.

oy 0z
31ech

Q G — MoayJb CABUTA,

M
O 0=—F — OTHOCHTENBHBI YroJl 3aKpyYHBAHNS CTEPIKHS;
G/
y o o
a o — (QyHKUMSL HANPSDKECHUH, TAKas, UT0 Ty =— U T, =—— ,
oz oy
a o M, — KpyTsLIMI MOMEHT,

O ¢ J, — MOMEHT HHEepLUH IIPH KPYICHHH.

®dopma cedeHus 3aKpyIEHHOTO CTePIKHS MOXKET OBITh 000ii. [ mpuMepa B3ST CTEPKEHb
MPSIMOYTOJIBHOTO ceueHust ¢ Beipe3oM (puc. S54I1.1). McxomHple DaHHBIE IUIS pacdera
cuuTanbl U3 BHemHUX (aitno ¢ nomompio ¢ynkumn READPRN (puc. 5411.2). Bmecto
KPYTSAIIEro MOMEHTA 33/1aeMCS OTHOCHTEJIBHBIM YTJIOM moBopoTa® =1 rpas.

PazOuenne cedyeHHs Ha TpPEYroJbHbIE 3JEMEHTHI M (POPMUPOBAHME MATPHUIBI MHIEKCOB
HOJIHOCTBIO aHAJIOTHMYHO mpuBeAeHHOMY B mpumepe 53-MK3-4-konbuo. KoopauHatsl
y3JI0B (BEpIIMH TPEYTOJbHBIX 3JIEMEHTOB) MNOKa3zaHbl Ha puc. 5S4I1.1, cnpasa. JlaHHBIH
npuMep pemaeM 0e3 yuera pasMepHOCTEH.

10 cm

F
¥

TIONOEEHEE Y3I0E B CEHeIEL

- - - -

e L L L ] L ] L
CEMEHWE CTERAHA

v L] * "0 [ ] L
4 L * b
10 cm e 003 * @ Y q

0 0.03 01

Y

Puc. 5411.1 [lonepeuHoe ceueHne CTepKHs

Jnist pemeHns MEeToI0M KOHEUHBIX 3JIEMEHTOB MCXOIHOe ypaBHeHue IlyaccoHa cBoanTCs K
CUCTEME IMHEHHBIX aNTeOpandecKuX ypaBHCHHN
P=K-® , TIe:

Q P — BekTop IpaBbIX yacTeil ypaBHeHus [lyaccona;

O K — MaTrpuiia XeCTKOCTH;

O @ — HeW3BeCTHBIN MOKA BEKTOP Y3JIOBBIX 3HAUCHUH (DYHKIIMH HANPSDKEHUH ¢ .

B ornmune or miockoW 3amauM TEOpWM YIPYrOCTH, TI€ B KaXIOM y3ie ObUIO JBa
HEW3BECTHBIX ITIEPEMENICHUs, PU peleHny ypaBHeHHUs IlyaccoHa B KakoM y3Ilie OIHO
HEW3BECTHOE 3Ha4YeHHE (QYHKIMM HanpspkeHWH. COOTBETCTBEHHO, MaTpuIla MHICKCOB B
npumMepe 53-MKO4-konbLo  conepkana 6 CTOJOLOB, a B HAlleM HOPHMEpPE TOJNBKO 3
cTOoJIONA.



PacuyeT 6e3 yveTa pasmepHocTei (B cucTeme Cu)
CeveHwe pasbvBask Ha TReYroNBHLIE 3NEMEHTEI.
198 BEOJ KOOPAWHAT y3noB YW Z BE MM

aa = READPEMN{"MEZ5-coord ") =z = aa<3> V= aa{:z>

Theg ¥ = ks NepeBol KOOPAWHAET M3 CM B M
100 100
BBOA MaTpuUbl UHAEKCOB LI = EEADPEI ("WE 25-hd. tt" )

W[?B: subtmnatris (I 1, rows (I, 2, cols (KT

qMCno 43N0B MU = max(MI MU = 36

YWMCNO 3NeMeHTOE  HE = rows (M  NE = 48

BEOJA rpaHWYHBIX YCNOBWIA (Y3nbl Ha KOHTYpe, rae ©=0)

g2 = READPEN{"ME D5 -grantet") g = g2<1> Mg = rows(g)

gT=(1234812 14 15 16 17 24 30 36 35 34 33 32 31 25 18 8 5)

PaccmoTpum pelwleHue ypagHeHUA iy s G =8 1010
MyaccoHa ana =1 rpagyc ~ =0 —

Puc. 5411.2. cxonHble faHHBIE J1 pacyeTa
Matpwuiry >KecTKOCTH TPEYTOIBHOTO AJIEMEHTa OTIPEIeNIieM 110 (GopMyIIe
Ki; = é(aiaj +b,b;) e
O F° —momanp onemMenTa, @ 1 b — (hyHKIMH KOOPIUHAT y3JI0B ) U Z;
Q ag=z;-z 1 b, :_(yj Vi) »

Q i j,k=123 — nokanbHble HOMEPA Y3JIOB TPEYTOJIBHOIO 3JIEMEHTA.

DopMHpOBaHUE MATPHUIIHI )KECTKOCTH TPEYTOIBHOTO JIEMEHTa IIOKa3aHo Ha puc. M5.3.

k=1.NE i=1.NU j=1.NU
Ry o T IMIUy 5 YMIUy 3~ TMIU 5
alk) = | Oy 5 T 2w Bk) = | IMIUy 3~ TMIUy ¢
CRmiuy ;T 2MIuy 5 YMIUy | ~ TMIU 5
1
MUk "MIUg 1 || B KOHTEKCTHOM MEHIO EblDepuTE

1 Square Matrix Determinant
A= 05 MUk 3 “MIUg 3

T KE®) = |for ic1.3
for jel. 3
MNoWaan SNeMeHToR
1 "
MaToMLE Hi i« E-(_a(k)i-a(k)j + (k)i bk)j)
HECTHOCTH ik
anemMeHTa ¥

Puc. 5411.3. ®opmupoBaHHE MaTPULIBL )KECTKOCTU TPEYTOJIBHOTO 2JIEMEHTA

Martpuna *KeCTKOCTH BCEr0 CE4YEHUs MOJydYaeTcs, KaKk U BO BCEX MPEABIIYIINX MpUMepax,
ITyTEeM CYMMHPOBaHUS KO3 (PUIIEHTOB KECTKOCTH JIEMEHTOB 110 MaTPHLIC HHIEKCOB.
I'pannuHble yCIOBUS, BBEACHBI MPOCTEHIINM CIOCOOOM, HCMONIB3ys NpHHIMN I[InaHo.
Yro06b! MPUPABHAITE HYJIO 3HAaUCHHE (DYHKINHU HANpPSDKCHUI HA TPaHUIIE KOHTYypa CEed4eHHs
CTEp)KHS B y3JI€ j, HaJI0 B MaTPHILE )KECTKOCTH CHCTEMBbI COOTBETCTBYIOILMN KOI(DPHIHEHT
JKECTKOCTH, CTOALIMI Ha IJIaBHOH JMaroHaiu MaTpuLbl K;;, YMHOXHTb Ha OOJIbLIOE YMCIIO
(B HameM npumepe — Ha 10°).

Bexrop npaBbix yactel ypaBHeHus [lyaccona P ¢opmupyercs 1o MaTpuiie WHIEKCOB, KaK
CyMMa MpaBbIX dYacTell ypaBHeHMs IlyaccoHa i OTHENBHBIX 3JIEMEHTOB, KOTOpPHIE
OJIMHAKOBBHI JIJISl BCEX AJIeMEHTOB (puc. 5411.4)

1
P? =§GGF6 11
1
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Haiing matpuiy sxectkocTd K M BEKTOp MIpaBbIX dacTeil P, myTeM oOpalieHus] MaTpHIIbI
JKECTKOCTH HaXOJMM BEKTOP Y3JIOBBIX 3HaYCHUH QyHKIMK HanpshkeHuid @ (puc. 5411.5).

MaTPULa XeCTKOCTH CUCTEMbBI

k=1.NE i=1NU ;=1 HJ Ej:=0 obHneHre matpulel
CYMMHPOBAHWE KOIDDMUWEHTOR MECTHOCTH N0 MATPHLE MHISKCOB
ti=led gi="1430 I

MIUy i, MIUy ;= Emiuy ;, miuy ;T KEOL ]

YYeT rpaHuYHbIX YCNOBWA (MpUHUWMN MnaHo) Ha KoHType =0

L T f
By i E thﬂ_],gﬂ 5 thﬂ_],gﬂ'm
BBOA BekTopa o
npaebix yacten £ = 1-ME  PE= E'G'B'A
3= 1.0 Bi=0 Py = Py, PEk

CMEHUTE YCNOBHE 3afaqud: AeACTENE TOYEYHOro 2apaia
(MCTOMHKEE Tenna). BrduTe cnedyiolve 2 BelpaEteHns

Pj = 0"  oBHyNeHMe BekTOpa NPaBLIx YacTel
Prgq = 100" ToueuHEl 3apan B yane 14 (NomMeHadTe HoMep yana)

Puc. 5411.4. dopmupoBaHHe MAaTPULBI )KECTKOCTU CUCTEMBI U BEKTOpA IIPABBIX yacTeil

& 3 =1
onpefeneHne yanoBbIX 3HaYeHUA hYHKUMW HANpARXXeHMA & =K P

TO¥e ANA snemeHTa k i=1.3 OF k= DMy,

KacaTenkeHble HanpAXeHWA cpeaHKWe No NnoLagn anemMeHTa

1 {lg) =i {lg)

G = m-[_b(k)@E | Eyp = 2_—%-[&(1{)@@ |
onpegeneHne KacaTenbHbIX HaonDKEHHﬁ B y3inax

k=1.NE j=1.3 i=1.NU

CHETHYWE NeMeHTOR, CXOQAWLWKCA B Yanax g = 0

KacaTenbHbI€ HANPAXEHWA B yinax

15 = 5 + T =0 +
X3’1\,11Uk . N, £y i, i, T‘Exzk
- k,j k,j k.j

T T
G = XYi T = XZI
D g8 i g8
Tyax = maxhT)  Typee = 63.5 Oa ¥ =

Puc. 54I1.5. Onpenencane QyHKIMU HATIPSHKCHUI U KacaTebHBIX HAIIPSHKCHUH

0 0
I/ICHOJ'IB3y5{ 3aBUCHUMOCTH TJ(y = 8_(P HT,= —a—(P , OIIpEACISICM KaCcaTCJIbHBIC HAIIPS)KCHU S
Z Y

CpeIHHe IO IUIOIIaIy 3J1eMeHTOB. KacaTenbHble HANPsDKEHHUS B Y3/1aX CEUCHHS CTEPIKHS
oIpesiesisieM Kak cpeHee apupMEeTHYECKOe KacaTelIbHbIX HAIIPSHKEHUI BO BCEX DJIEMEHTaX,
CXOAALINXCS B paccMarpuBaeMoM y3ie (puc. 54I1.5). OrTHocuTenbHbIE KacaTelbHbBIE

HAIIPsKCHUA B y3J1aX OIPEACIIAIOTCA KaK OTHOIICHUEC Y =

Tmax

prTﬂHJ,l/Iﬁ MOMCHT B CCUCHHUHU CTCPIKHA, BBI3BAaHHBIH OTHOCHUTEILHBIM yrijioMm IMmoBOpoOTa
0=1 rpax, ompenenserca KakK YyIBOCHHBIH OOBEM, OXBATHIBAEMBIH MOBEPXHOCTHIO
(hyHKIIMK HanpspKeHUH .

M, :j@dF.
F

Pacuernas dopmyna mns M, mpuBeneHa Ha puc. S4I1.6. Tam sxe, Ucxoms U3 OOBIYHBIX
(GOpMYJT CONPOTHBICHHS MAaTEpHAIOB, OIPEACIICHBl TI'COMETPUYCCKHE XApaKTECPUCTHKU
CEYEHHS: MOMEHT HHEPLUH IIPHU KPYYEeHHH J;, © MOMEHT CONIPOTHUBIICHHS IIPH Kpy4eHHu Wy.
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KPYTALUMIA MOMEHT My =

L |

NE .
) Z [Ak.[cpEl o+ OEp 1+ O3 i) |
=1

Ecnw paccmarpreast .
NoNoBUHY cedeHnd, hk=2"hk |Mk i E'Mkj ‘Mk: ! 1

OTEMNHY2HO, TaK Kak CeYeH4e

HECHMMETPHYHOE
My g 4
MOMEHT MHEPUMM  Ji. = — .10 T =400 cm
3.8
M

MOMEHT CONPOTUBNEHUA "W). = W = 88.012 CM3

Tmax

Puc. 5411.6. OnpeneneHue KpyTALIETO MOMEHTA U TEOMETPHUYECKUX XapaKTEPUCTHK CEUCHUS
CTCPKHS

[MoBepxHOCTE EYHELMKM HANDSHEHWIA

MAHKMK YPOBHA

[:z,y,<I>:]

Puc. 5411.7. [ToBepXHOCTb (QYHKIIMN HATIPSHKCHUI

[ToBepxHoCTh, 00pazoBaHHas (YHKIMEH HaNpsDKeHWH roka3aHa Ha puc. S4I1.7. Tam xe
nocTpoeH rpaduk JUHUN ypoBHs. [TockonbKy KacaTeslbHble HaNpSOKEHHS — 3TO TaHTEHC
yIila HaKJIOHa KacaTelbHOW K IMOBEPXHOCTH HAIPSHKEHHH, YeM Kpyde CKIIOH, TeM OoJjblie
HanpspkeHne. MakcHUMasbHbIe KacaTelbHbIE HANPSDKEHHWS BO3HUKAIOT BONM3M BEPIIHHBI
BBIpE3a.

Kpome 3amaum kpydeHHs] CTEpXKHS IPOU3BOIBHOTO CEYEHHsI, METOJ] KOHEYHBIX 3JIEMEHTOB
TIPUMEHSETCS JUIA pPelIeHus ypaBHeHus [lyaccoHa B Apyrux o0yacTsx 3HaHUH.
PaccMoTpeHHass mporpaMma MOXKET HCIIOIB30BaThCsl W INPU WHBIX 3HAYECHHSX MPaBBIX
yacTel ypaBHeHus [lyaccoHa u Ipyrux rpaHUYHBIX YCIOBHUSX.

B Hamrem mpuMepe 3Hau€HHS BEKTOpA MPaBBIX YacTel ObLIM OAMHAKOBBI AJISL BCEX Y3JIOBBIX
To4ek. VI3MeHuTe ycioBue 3a1auu, OJI0KUB 3HaueHust P=0 1u1s Bcex y3I10B, KpoMe 0THOTO
(;ro6oro) wim HeckonbkuX. CeyeHne 3aKpoiiTe, MOJI0KUB Ha BceX cTopoHax cedeHus P=0.
Heo0xouMble AJIsl 9TOro BBIPQKEHHS YK€ BBEIEHbI B NOKyMeHT (puc. 54I1.4), HO oHH
OTKJIIOYEHBL. UTOOBI BKJIIOUHTH WX, BBIACIUTE OJHOBPEMEHHO Bce 4 OTKIIIOUSHHBIX
BBIPAKCHUS U MICIKHUTE MPaBOil KHONKON MBIMHN. B OTKpBIBIIEMCS KOHTEKCTHOM MEHIO
BeiOepuTe myHkT Enable Evaluation (Pa3pewmnts Borumcienue). byner BbinosiHeH pacyer
JUIS1 HOBBIX YCJIOBHH 3a[auH.
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[Mpnmep 55. PelueHne nnockon
ynpyronmnacTtu4yeckon 3agavym MeToaom
KOHEYHbIX 3JIEMEHTOB

(Mporpamma 55-MK3-6-nnact.mcd)

JaHHBI mpUMeEp WUTIOCTPUPYET BO3MOXKHOCTD U YAOOCTBO MPOrpaMMHPOBAaHHS Ha
Mathcad nro001i CKOJIb YTOHO CIIOXKHOW 33/1a4H.

B kauectBe mpumepa Uil pacyera B3ATO KOJBLO, C)KAMacMoOe ABYMS CHIIAaMH, KOTOPOE
OBLIO pacCYMTaHO TIPH YOPYroi nedopmariuu B mpumepe 53.

UcxoaHple naHHBIE Ui pacueTa ObUIO MOATOTOBJIEHBI B mporpamme 53-Matr-ind u
3amucaHbl BO BHEIIHME (ailiibl, OTKyzAa cuutansl ¢ nomoinsio ¢ynkimn READPRN
(puc. 55I1.1).

B mpumepe 53 as BBOJA AAHHBIX M MX KOPPEKTHPOBKH HCIOJIB30BATIOCH BKIFOUYCHHE
nporpammet 53-Matr-ind B ocHoBHO#T moKyMeHT ¢ iomoribio cesuiku (Reference). B atom
npuMepe JUIsl KOPPEKTUPOBKH JaHHBIX HCTONb3yeTcs runepechuika (Hyperlink).
['unepcchiika MO3BOISIET OTKPBIBATh (Dailil, ¢ KOTOPBHIM CO3/aHa CBsI3b, B TOW 00OJIOUKE,
KOTOPO#i OH co31aH. PaccMOTpUM MpoLeaypy CO3IaHusl TUIIEPCCHUIKH.

O Belgenurs €10BO, ¢ KOTOPBIM OyIeT cBs3aH, MHTEPECYIOMMI Bac (aiii, mpuiemMm
XKEJaTeJIbHO YepHBIM LBETOM. Torja rocje YCTaHOBJICHHUS CBSI3U BBIICICHHOE
CJIOBO OYJeT BBHIICICHO XUPHBIM MIPU(TOM.

O B rmaBHom meHio Mathcad BeiOpate komanay Insert » Hyperlink (BcraBka »
I'unepccepuika). lenkHyTs Ha kHOmke Browse (O630p) u ykasate myTh K Qaily,
€ KOTOPBIM HAJI0 CBsI3aTh BhIeNeHHOE ci1oBO. [I[enkHyTh Ha kHOMKe OK.

JIBOMHOM IEMTYOK MBIIIBI0 HAa BBIJEJICHHOM CJIOBE OTKpbIBaeT (a1, ¢ KOTOPHIM
YCTaHOBJICHA CBs3b. Temepb 3TOT (aill MOKHO OTPENaKTUPOBATh U COXpPaHHUTh. Jlis
nepenaun JaHHBIX B Mathcad-mokyMeHT mx Hajgo BHYTpH CBsi3aHHOTO (haifya 3ammcarth B

BHJIC [IPSAMOYTOJBHOM MaTPHUIBI WM BEKTOPA B OTACIbHBIA BHEIIHUHN (ail1, OTKyaa 3aTeM
cunrath pynkiueit READPRN.

Matr-ind coord Miuf gu CChIMHK

Eeon KQOpAWHAT B MR pacdeT B CHCTemME Ch

coord ;= READPEN{"MEZE6-Coord prn") v = u:oord<2> B = coord{:3>

MIT = REATPEM("MEZ36-Miuf prm")
YWMCNO Yanoe NU = max(MIT) N = &6
YWUCNO 3MNEMEHTOR NE = rows(IMITT) NE = 100

TONWWHA KoNbUE  t:= 0.005 u v.=y0001 z:=z0001

Puc. 55I1.1. BBox MCXOIHBIX TaHHBIX Ul pacyeTa

PaccmoTpenHas 3ajada COCTOMT Kak Obl U3 ABYX 4YacTedl. BHawane pemaercs ympyras
3a7a4a W ONpPEACNIAIOTCS HArpy3KH, [EPEMCIICHHUs, HaNpshkeHus u  JaedopManui,
COOTBETCTBYIOLINE IIPEACIBHOMY YIPYTOMY COCTOSHHIO CHCTEMBI, TO €CTh IIOSBICHHIO
TEKy4eCTH B CaMOM HAarpyKCHHOM 3jeMeHTe. Ha 3TOM JTame KaX[oe BBIPaKCHUC
HCIIOIIB3YETCS TOJNBKO OJIMH Pa3, II0ITOMY B TAHHOW YaCTH JOKYMEHTa HET MOAPOrPaMM.
IlepBast uacTh JOKyMeHTa (YOPYrHil pacdeT) MHOJHOCTBIO aHAJOTHYHA I[IPOrpamme,
MPUBE/ICHHOM B puMepe 53, u 3[ech WutocTpupyeTces puc. 55I1.2 — 55I1.6.
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PacueTHast cxema KoJblia 1o/ Harpy3Koii

Ha pucynke 55I1.2 mpuBeseHa cxema Koiblia IOJI HAarpy3Koi, cxema pa3OMBKM Ha
TPEyroJIbHbIe KOHEUHBIE SIEMEHTHI U MOJIOKEHUE Y3710B aHajoruyHo puc. 53I1.1 u 5311.2.
Ha pucynke 55I1.3 BBOISTCSI XapaKTePUCTUKH MaTepuana: moayib FOura E, koadpuiment
ITyaccona p, mpenein TeKy4eCTH Gy M COOTBETCTBYIOIIAs eMy ympyras nedopmanust € .
[lanee BBOAWTCS BEKTOP CHJI M TPaHWYHBIC YCIOBHS (PaBEHCTBO HYJIIO NEPEMELICHHs Ha
0CSIX CHMMETPHN)

[To marpuIie HHIEKCOB Y3710B (opMHUpYETCsl MaTpUIa MHIEKCOB IEpEeMELICHHH.

Beenen kox NDS anst pacuera ToHKUX KoJiell (IUTOCKOE HampsikeHHOe cocTosiHrne NDS=0)
1 TOJICTBIX Koutel] (ttockas nedopmanus NDS=1).

Ha pucynkax M6.4 — M6.6 onncano (popMHUpOBaHUE MATPHUIIBI )KECTKOCTH CUCTEMBI. DTOT
pacyeT NpaKTUYECKU aHAJIOTHYEH MPpUBEJCHHOMY B puMepe 53 Ha puc. 5311.7 — 5311.10.
Marpunia BHYTpEHHEH J>KECTKOCTH 3JE€MEHTa Uil SKOHOMHUH MeCTa B IIOCIEIYIOINX
MOIporpaMMax oopMIIeHa TaKKe B BUAE MOAPorpamMmel (puc. SSTL.5).

.
XapakKTepucTHUKKM MaTtepuana E = 2-1011 s = 0.5 By = 300-1L'fj T ET
DS =1 nnockoe MDS = 0 nnockoe
nedopMUpOBaHHOE HanpHeHHo e
COCTOAHWE COCTOAHWE

BEOJ BeKTOpa cun k=1.2N0 Fr:=0 Fs:=-100H

hOpPMUPOBAHHE MATRMUE! MHIEKCOE NepemeleHmi
No MATPHUE WMHASKCOE Y3NOE L=1NE i=1.3

Ml 2.4-1 = 2. MUk ;-1 Ml 4= 2. M0 ;
BBOA FPaHW4HbIX YCNOBWW B MNepeMeLleHUAX
[Ha OCAX CHMMETPWW OHO M3 NePEMELLEHHA DABHO HyMHa)
g2 = READPRN ("MK Z6-gu.pm")
{2

HOMEPE 380,8HHEI NepemMellEHUA g=g2 .
3aAaHHble nepemelleHnA hg = g2<3>
gT=(1 saE O B S A 22 G B 20228 2R 2 6 e s 3 00N

ig
bdg =(00 0000000000000 0000000)

HpOI[OJDKCHI/IC NOATOTOBKU UCXOAHBIX NJAaHHBIX IJIA pacueTa
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EMIUy 5~ “MIU 5 IMIUy 2~ TMIUY 5

aile) = —| IMIUy 5~ FMIUy bile) = | YMIUy 5~ TMIU 3

EMIUy 1~ “MIU 3 IMIU |~ TMIU 3

Uz, Yo
i g B KOHTEKCTHOM MeHD BeIbepuTe

nnotagm Square Matrix Determinant

anemenTog <tk = 0.3 . MIU 3 TMIU 5
MIUy 3 YMIU 5
bik)] O by 0 bldy 0

By = 0 alk) 0 allk)z 0 alk)s
a(l)] bk a(k)z bikz alk)z bk

sl
2 Ay

Puc. 55I1.4. [TonroroBka K pac4eTy MaTpULbl )KECTKOCTH

raTprUa BHWDBHHGFI HEeCTHOCTH aflemMeHTa

Lo @
el o [ A R e - NDS =0
0 p 12K |1-u
4 gEtsehe &K
1-p

s 0 |E— 1% ¢ ups=1
e e

0 1’—2-|.L‘
I 2.(1-p) |

Puc. 55I1.5. MaTpuna BHyTpEeHHEH KECTKOCTU dJIEMEHTa

MaTpMua XeCcTKOCTH anemeHTa KEy = BkT-C[:E,u:J-Bk-Ak-t

MaTpMUa XKeCcTKOCTHU CUCTeMbI 1= 1 21T =1 2.NUO Ki,]' =10

i=1.6 j=1.6 k=1.NE K =K S TR
' ] M i, M Ml i, My | k‘Jl,]
Puc. 55I1.6. @opMupoBaHHue MaTPULbl XKECTKOCTH
BTOpaH qacCcTb JAOKYMCHTA — pryFOHHaCTI/I‘lGCKI/Iﬁ pacyeTr — BBITIOJIHACTCS

HTEPalMOHHBIM METOJIOM, TOBTOPSIETCSI MHOTOKPAaTHO M 0(OpMIIEHA B BUJIE TPOTPAMMBI.
OTa 4YacTh COCTOMT M3 psifia HOANPOTPAMM M TOJOBHOM HPOTPaMMBI, ONpPEIEISIOnIeH
HOPSIIOK pacueTa.

Jlnst pemiennst ynpyromiacTUIecKon 3a1a4y UCIIOIb30BaH METOJ NIEPEMEHHBIX TapaMeTpPOB

YIPYTroCTH.

OCHOBHOE ypaBHEHHE METO/1a KOHEUHbBIX 3JIEMEHTOB UMEET BH]]

F=K-A,

rne F'— Bekrop cwi, K— MaTpuia >KeCTKOCTH, A — HEU3BECTHBIE IepeMeIIeHHs
CHCTEMBI.

CymiecTBYIOT /1Ba OCHOBHBIX MOJX0/a K PEIICHHIO YIPYTOIUIACTHYECKHX 3a/1au:
1. Ha KaXIOH UTEpaly ePEeCTpanBaTh MaTPHUILY )KECTKOCTH;
2. Ha KaxJIOW UTEpally NEPEeCTPanBaTh BEKTOP CHIL.

Ka)KIIOMy IoAXO0Ay COOTBETCTBYIOT CBOU METOABI PEIICHUA.

MeTton nepemMeHHbIX NapamMmeTpoB yNnpyroctun

OTOT METOI OCHOBAaH HAa IEPECTPOCHUU MATPHIbl >KECTKOCTH Ha KaXJOH HTEepaLuH.
MHOTOKpaTHO pemraeTcs ynpyras 3ajada, HO IapaMeTpbl YIPYTOCTH B KaKAOM JJIEMEHTE
Ha KaXJ0H UTepanuy pa3inyHbIC.

Ousnyeckue ypaBHeHHs Ae()OPMAOHHOW TEOPHH TIACTUYHOCTH
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1 2 Sj _ Sk
& j :E(Gi — UG —MGk)JrgMGi —7—7)
Ti,j ’
Yij =G T2
. . 1 1
rae i, j, k = x,y,z 10 TpaBWIy KPYrOoBOH IEPECTAHOBKH, A = A GbyHKIUSA
Cc
€ . -~
IIIACTUYHOCTH, £ — Monyns IOHra, E, = — — cexyuuii MOysb yOPyrocTd, € U G —
G

MHTEHCUBHOCTH JleOopMalyii U HaNpspKeHUH ((GOpMYJIIBI ISl UX ONpPEAEIEHHs IPHBEICHBI
Ha puc. 55I1.9).

B MeTome mepeMEHHBIX MapaMeTpoB YHPYroCTH (H3UYECKUE YPaBHEHHS TEOPUH
TUIACTHYHOCTH 3aMEHSIOTCS QU3HYSCKHUMH yPaBHEHUSMH TCOPHHU YIIPYTOCTH

1 " "
€ ;= I (o;—n G;— U o)
T. . B
Yij = Glf

rne E, u*, G — MepeMEHHbIC MapaMeTpbl yrnpyroct ((Gpopmyiibl At UX ONpeaeTIeHUs
npuBeeHb! Ha puc. S5I1.10).
PaccMOTpHM CYIIHOCTh METOZa IEPEMEHHBIX TAPAMETPOB YIIPYTOCTH.

Q [Ilpu 3amaHHOM Harpy3ke [ METOAOM KOHEYHBIX JIIEMEHTOB OIPEAEISAIOTCA
ynpyrue mnepememieHuss A, negopManMd M HampsDKEHUST € M G, HX
UHTEHCUBHOCTU € U G .

a I[J'I;I 3JIEMEHTOB, B KOTOPBIX MOSABIAIOTCA INIACTUICCKUE ,Z(e(i)OpMaLlI/II/I €>¢g,,rne

g, — npebopManys Hayaja TEKy4eCTH, OIpPENEISI0T HOBBIE IapaMeTphl

T
ynpyroctn E, u', G (puc. 55I1.10), ¢ y4eTOM MX TIEPECUHTHIBAIOT MATPHILY
BHYTPEHHEH XKeCTKOCTH »djeMeHTa C M MaTpuUIly MECTKOCTH »3jeMeHra K
(puc. 55I1.10 n 5511.11), a TakxKe MaTPHILy )KECTKOCTH BCEH CHCTEMBI 110 MaTpHIIE
WHJICKCOB.

a BHoBb peraercss ocHOBHOe ypaBHeHuss F = K-A, onpenensiorcs HOBbIE
3HAa4YCHUA €, A, O, & G BTOPOTO MPHUOIMKEHUS W BHOBb YTOUHSIIOTCS YIIPyTHE

£ * *
KoHcTauTel £, W, G uT. A Ilpouecc moBTOPsIeTCs 10 BBINOJIHEHUS KPUTEPHS

CXOOUMOCTH.

4YeT rpaHUYHbIX YCNOBWA B NepemeLleHnAX 2
v P Y REMEL WeTon MMaHo yYeTa rpaHuYHBIX YCNoBHA

GU[:K,P,g,Ag:] = |n<é rows(g) s

GU[:K,F,g,&g:] = |nérows(g)
feie L for 1€ 1. rows(g)
for jel. 21U 1
e W =l il
K%](_ Kgl] f g=j 2.8 gi. g
0 otherwise P%FK%:%'&‘%*—P{%]
Boee [ R (KJ
F

0 otherwize

MepecTpoeHWe
METPHLE! HECTKOCTH

¥ BEKTOPE CHN C y4STOM

By Kj,gi-&gi fg=j

F- Kj,gi-f'_\gi otherwise

Mo aHryHBE YCHOBHE
[K] K = GU(K,F,g,A2)
F F = GU(R,F,g,4g);

BhIkntoMMTE 0AKH KM BKAKYHTE Apyrod cnocobkl yeTa rpaHuyHER YCNoBMA PesynbTaTkl He M3MEeHATCA

Puc. 55I1.7. [Tonnporpamma ydera rpaHUYHbIX yCIOBHH

[Mporpamma peLueHus ynpyro-nmnactmu4yeckoun
3agauu

PaccmoTpuM npencTaBieHHYO IPOrpaMMy pacdera.

Havano mporpaMmbl mpeacTaBisieT co00il MOYTH KOMUIO nmpuMepa 53 — ympyruii pacuer
KOJIbIIa METOIOM KOHEUYHBIX 3JIEMEHTOB. 3aKaHUMBAETCSI OH OIpEJIeJICHUEM HAPSDKEHUH 1
nedopmanuii mpu 3amanHoN Harpyske (puc. S5I1.13). Tam ke ¢ MOMOIIBIO MOMPABOYHOTO
koo duimenTa onpenesnsoTcss Harpy3KH, NepeMelleHHs, HalpsKeHUs W Jnedopmanui,
COOTBETCTBYIOIIHE MOSIBICHUIO TEKYYECTH B KOJIBIIC.

Pacyersr B mmmacTmyeckodl 00NAacTH, BBIOJTHSAEMBIE MHOTOKPAaTHO, O(GOpPMIICGHBI B BHIE
TOJIOBHOM TiporpaMMsl (puc. 55I1.14), onmcriBaromel MOPSIOK pacdeTa W BHI3BIBAIOMICH B
HYKHBIII MOMEHT HEOOXOJUMYIO TIOAIPOrpaMMy.
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B Haganme TroJIOBHOM IPOrpaMMbl IIE€PEIPUCBAUBAIOTCS  3HAUEHUS IIEPEMEHHBIX,
UCIIONIB3yeMbIX B mporpamme. Ecinm uMsi mepeMeHHOW Yyke ObLJIO HCIOJIB30BaHO B
OCHOBHOM JIOKyMEHTE BBIIIE ITPOTPaMMBI, 0€3 IepenprcBOCHNs 3HAYCHUS 3Ta NIepeMEHHas
CTaHOBUTCS KOHCTAHTOM.

B mpomecce pa3paboTku mporpaMMbl Ha BCSKHHA CIydail NEpenpUCBOTE 3HAYEHUS
OOJBIIMHCTBY MEPEMEHHBIX. 3aTeM METOAOM Npo0 BEIPE3aiiTe MO OJHOMY NPHUCBOCHHEIC
3HAYCHHUS M CMOTPHTE, U3MEHATCS JIM Pe3yJIbTaThl pacyeTa. B MpOTHBHOM ciiydae OYeHb
TPYIJHO OTBICKAaTh OLMIMOKY. Bpoje Obl Bce mMpocTo M BCe NMPAaBUIBHO, a Pe3yibTaT HEe TOT,
KOTOPBIil JOJKEH OBITh.

OrmopHasi KOHCTPYKIHMS MporpamMmbl UK While — MOBTOpSATE HTepalyy 10 BBIIOJHEHHS
KpUTEpHUs CXOOUMOCTH. Jlaliee onuChIBaeTCs COACpKaHHE HTEPALHH.

Onpedenenue y3106bIX nepemewjenuti cucmemvl C MCIOJIB30BAaHUEM IOAIPOrPaAMMBbI
MCHB. Dto moamporpamMMa pelreHns] CHCTEMBI JTHHEHHBIX aTeOpandecKuX YpaBHEHHUH C
JEHTOYHOW Matpuueil kodpouiueHroB. YtoGsl He 3arpoMoXiaTh JIOKYMEHT, JTa
MOJIpOrpaMMa CKpBITa B 3aKpbeIToi 30HE (puc. 55I1.13). JIBOHHON IIETYOK MBIIIBIO Ha
JIMHHY, 32 KOTOPOI1 CIIpATaHa NOANPOrpaMMa, BEI3BIBAET €€ Ha IKPaH AUCILIE.
Hoamporpamma MCHB Ttpebyer 3amanus mupunst gentsl JH matpuisr koadhumnneHTos.
[TupuHa JIeHTHI ONpe/IeNieHa ¢ MOMOLIBI0 porpamMMbl-Beipaxenust JH (puc. 55I1.8), xots B
JaHHOM CJlydae HeOOXOAWMOCTH B COCTABICHUH Iporpammsl Het. Beny JH ompenensercs
OIMH pa3 M BXOAAIIME B HPOrPaMMy BEIPAXKEHHS MOXKHO IMPOCTO 3allicaTh B CTPOKY C
HCIO0JIb30BAHNUEM AUCKPETHOMN NEPEMEHHOM.

Ha Tom xe pucynke 55I1. 8 3amucano ypaBHeHUe nuarpammsl aeopmupoBanus. BeiOpana
CTEIICHHAs allPOKCUMALIHS THarpaMMBl 1e(OpMHPOBaHHs, IPUBEICHHON B ipumMepe diag.

varpamma geqpopMMpoBEaHUAa
p‘ P A Cll) pMUP WHPKWHA NeHTBl

@leil = |Eei if =i<e, TH = |for kel NE
: \0.4 (ke
Gp+610° (gimeg) " otherwise ME « (')
MoMeHRIATe NoKazaTenw cTENeH! I & me(L)
1107 W2 & mmun (WK
g
Eigg —— TH1j < M1 — M2
¢>[si]4_mg /""'-— JH ¢ max(TH1}
2-10° TH
0

o001 02 03 04 05
] JH = 25

Puc. 55I1.8. BBoJ ypaBHEHUS TUarpaMMbl 1eOPMUPOBAHUS U ONIPEACICHUE IIMPHHBI JICHTHI
MaTpPHULbI dKECTKOCTH CUCTEMBI

MHTeHCMBHOCTH HaNpPAXXeHWUA 1 gecdhopMalmi

o) = | for kel NE

: I o o T e e
olkeE-J(_cl,k-oz,k,j + (02,1~ 03.1) + (03 1~ 01 1)+ 604 1)

fasl

inte(g) = | for kel NE

.42 [ Y, T \2 o
Gl le1,k-e2,k) +(e2,k-23%) + (23, k—e1,k) + 1.5(e4 1)
=1
Puc. 55I1.9. ®yHKunm pacyeta HHTCHCUBHOCTEH HANPsDKEHHUN U fedopManuit

3aTeM MPOMCXOIUT onpeodeienue HAnpsadicenull u oedopmayuil, CPeIHUX IO IUIOMAAN
JNIeMEHTa Ha JaHHOW uTepanuu ¢ mnomompio moamporpamMmel  Z1  (puc. 5511.12).
IlonnporpaMMa HayMHAeTCsd C NPUCBOEHHS Y3JIOBBIM MEPEMEIIEHUSIM TPEYrOJIbHOIO
aneMeHTa AE 3Ha4Ye€HMH Y3JIOBBIX IEPEMEIICHUI CHCTeMBl A C IOMOLIbIO MAaTPHIIBI
MHJICKCOB. 3aTeM ONpeeNsItoTcs AeopMaIiu 3JIEMEHTOB € U HanpsbkeHus o . Ha nmepsoit
UTepalMi BCE HANpPsDKEHUS CYMTAIOTCS ynpyruMu. JIis BcexX JJIEMEHTOB IpPHU3HAK
mnactuaHocT K1=0. Mcnonp3yercs ynpyras MaTpulia BHyTPEHHEH JKECTKOCTH DIIEMEHTa,
cozepkamas ucxoansie mMomyns HOHra E u kodp¢unment Ilyaccoma p marepuana
KoJIbIa (B IIpUMeEpe CTAIBHOTO).

[pu moCieAYOMNX UTEpAlUsIX JUTS TUIacTHYeCKH nedopMupoBaHHbiX dmeMeHToB (K1=1)
BeI3biBacTcs mommporpamma CC  mepecTpoeHHss MATpHIBI BHYTPEHHEH KECTKOCTH
anemeHTa (puc. 55I1.11), BHyTpH KOTOpO# BBI3BIBaeTCS MOATporpamMma FEL OmpeneneHus



HepeMEHHBIX apaMeTpoB yupyroctd U Gyuxiusa C(E, 1) co3naHus MATpULbl BHYTPEHHEH
JKECTKOCTH. MaTpuiia BHYTPEHHEN JKECTKOCTH CBA3LIBAET HAINPSIKEHUS M AepopMaluM B
3akone 'yka 6 =C - ¢.
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onpegeneH1e NnepemMeHHbIX nepecTpoeHWe MmaTpMubl
napameTpOB YNpyrocTy BHYTPeHHeH }KeCTKOCTH 3/IeMeHTa
. Szl — _—
Eplet) = |Ece El 2Clei) = |Ecpe « Eplsi)
€1
E« Ecuey
" 1-2.u Ec
2 BT L s Ecplca
T =B 34— Eepleg
HC . .
2+ 2a Gl e clE il
Ec : T
Ec
T (C1 E p)
E
@
21+ |.Lc,]
Ec
Ll
3o

Puc. 55I1.10. PacueT nepeMeHHBIX IapaMETPOB YIPYTOCTH

Kpleikl) = |[ReE&

for kel NE

contrue i klp =0
g1l < g1

Cp « ccleail);

RE1 < By CpBpApt
for 1216
for je1.. 6

KMIk,i=MIk,j = KMIk,i,MIk_,j i

+KEl;,j - (KEg), J_

E

Puc. 55I1.11. IlepecTpoenne MaTpHIlbl )KECTKOCTH CUCTEMBI

[Mognporpamma Z1 3akaHYMBACTCsI OMpPEACIICHHEM HAMPSDKEHHH W AeopMaliiii BIOIb
ocu Z.

ITpu miockom HanpsokeHHOM coctostiui NDS=0 o, =0 u ¢, = —ﬁ(cx +0,).
E Y

pu nunockoit nepopmaumn NDS=1 6, = w(o, +o,) ne, =0.

OOparute BHMMaHWE, 4YTO Meperada JaHHBIX B IOJNPOrPaMMbl TPOUCXOIHUT uepe3
napaMeTpsl UIMeHH (YHKIMH, KaK TPHUHSATO BO BCEX fA3bIKAX MPOrPAMMHUPOBAHUS, a BHIBOJ
pEe3yJIbTaTOB pacyera 4epe3 COCTaBHOW MacCuB (CToiOel, CTPOKY HJIM IPSIMOYTOJbHYIO
marpuiy). Eciau BBIBOJMMBIX ITapaMeTpOB Majlo, MOYKHO HCIIOJIb30BATh U CTOJIOEI, a eciu
MHOT'O — JIy4lI€ CTPOKY 11 SOKOHOMUH MECTAa B JOKYMCHTC.

B ronoBHoi#t mporpamme (puc. 55I1.14) mommporpamma Z1 BbI3BIBACTCS OOWH pa3 s
JKOHOMHHM BpEMEHHM pacdera, a 3areM HaiijieHHble 3HaueHuss Z1 mnpucBanBarTCs
HanpspkeHusIM © < Z1, u nedopmanmsm € «— Z1; .

Janee ompenensroTcss MHTEHCUBHOCTH HAIIPsDKEHUHA M JeopMaItiil ¢ moMomeo GyHKIUH
intc u inte (cm. puc. 5511.9).

O Ilo WHTEHCHBHOCTH HANpsUKCHWM  DJIeMEHTaM  IPUCBAWBAETCA  NPU3HAK
wiactuynocty K1=0, ecnmu 6 < o, nk1=1, ecmu 6 > o, .

O /s nmactuueckd JeOpMHUPOBAHHBIX 3JIEMEHTOB IEPECUUTHIBACTCS MaTpHLa
xectkocta K ¢ momompio moamporpammsl K, (puc. 55I1.11), BHyTpH KOTOpOIt
MePECYNTHIBACTCS MaTpHIa BHyTpeHHei sxectkoctn C (moamporpamma CC), ms
Yero B CBOKO OYEpe/b IIEPECUHTHIBAIOTCS IapaMeTphl YIPYrocTy (MOAIporpaMma

Ep).



O [lepex mepexoZoM K Clenyrolleil UTepalyuy OLEHUBAETCS KPUTEPUil 3aBEpLICHUs
pacuera Eps, npeacraBnsitonuii co00it OTHOILIEHHE YCPEIHEHHBIX MEepPEeMeCHut
B mpeasiaymiet urepannu Al u B Texymen urepaunu A (puc. 55I1.13, BHU3Y).

207 Ecmu Eps 6osbie 3amaHHON pacueTYNKOM BEIMYHHBI, IPOUCXOIUT IIEPEXO K CIACIYIOIIEH
UTEpaIyy.
Z1A g kl) = |for kel NE
for ie 1.6
ME] &Mlk, ;
E<k> «— B AE

Cpe |ClE,n) £ klg=0
otherwise
g1l « ei)
geeizelel
(e {k

T o« Cpg

for kel ME

T4 k< 03 k

o3k |u(o1k+ozy) £ NDS =1
0 otherwise

B4 ke 3k

£3,k _—E':L-(_G],k-i- Gg,kj if NDS =0

0 otherwise

e o Cp)
Pacuer HanpspkeHuit u geopMaLuii B a1eMeHTax

A0eck CNpATaHa nporparta MCHE pelleHna cHoTemel ypaBHEHMA
C MEHTOYHOA MaTpHUeR KOs HUMEHTOR (HECTHOCTH]

¥

YNpyrua pacyeT 0,0 NepBOW TEKYHECTH
1=1.4 7=1.2HMN0 k=1 NEG =0 g =0 e = 10_'}j klp =0
&= MCHE(E | F, 2.1, TH) ¥anoBkle NepeMealleHiA MK HCXOOHOR Harpyske F
72= Z1(A g k1) &= Z2; nedopmau
o = Z23 HanpaHeH1s
MHTEHCHBHOCTH HANPAHEHWA W fedophalmi
gi=mtele) o= molc) maxci = maz| ci)

HANDIHEHUA, AShopMAaLMK, HAMDY3KY, COOTESTCTEYIOWMS
Tinaz = Gp B CAMOM HAMDYHEHHOM SNEeMEeHTE
Or
fei= g = salON AR SRelelr  [SR=ekn
EEET F=Fr &=¢1 Gi=0r

It = =0 B2 = LEET = 106 B
F'z- CMNa B o paz, NpeskIWaiowan Harpyary Fy, Npi KoTopoi

B CaMOM HarpysHeHHOM 2NeMeHTe Hanp SHeHHs
PaEHLI Npedeny TekydecTy.

KOMTERHA 38BepLUeHs
HTepalMoHHOrD NpoLecss

o SRR
Eps(a A1) = laTa) (a1 a1)

Pacuer mapaMeTpoB COCTOSAHUSA CUCTEMbI B MOMEHT NOABJICHUS TCKYUYECTU
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C yd4eToM TpaHUYHBIX YCIOBHH YTOYHSIOTCS MaTpHIla *KECTKOCTH K M BEKTOop cui P ¢
nomomrpto moamporpammel GU  (em.  puc. 5511.7). TlomaydueHHBIE B XOI€ WTEPAIN
pe3yJIbTaThl 3alHUCHIBAIOTCSA B BBIXOJHBIE MaccHUBbI. Kakmas ureparust co3maeT B KaKIoOM
BBIXOJTHOM MacCHBE OJIMH CTONOEI (epeMenieHuid, tedhopMannil, HAPSHKSHUN U T. 11.).

B koHIe T0NIOBHOM mporpamMMbl IOCTaBIE€H OrPaHUYUTENb UIMTEILHOCTH pacyera.
Omneparop break — Bbixom U3 TpoOrpaMMel, €CIIH BHIMONHAECTCS YCIOBHE (B HAIlEM CiTydyae
n>7).

JlaHHblEe IIEpenaroTCs U3 MPOrpaMMBbl 4epe3 IOCIEIHUN OIepaTop, IOITOMY IOCIEIHUM
OIIepaToOpoOM SIBIISIETCSI COCTaBHOM MAacCHB, B KOTOPBIA BKIIIOYAETCS BCE, UTO MOMKET
MPEJCTaBIATh MHTEPEC MO pe3yabTaTaM pacuera. Pazmepsl MaccuBa U BKIIOUEHHBIE B HETO
JIaHHBIE MOKHO MEHATH 110 CBOEMY YCMOTPEHHUIO.

OOpaTtnTe BHUMaHHE Ha 3aliCh KOMMEHTAapHEeB B mporpamMme. /s uX BBIICTICHHS HAIO
MCIOJIb30BAaTh KaBbIYKU. B OTMEYEHHOM MecTe BBOJA MOSBISIOTCS [IBE Mapbl KaBbIYEK,
MEX1y KOTOPBIMU U BBOJUTCS TEKCT.

ZZ = |"BBom NepeMEHHLIE ODapaMeTpoE" for kel HNE
K<K klge 1 if o = oy
Cral kll e 0 otherwise
SeTad K « Kplsi k1)

GsT 8l Epsl < |Eps(4,a1)]
k111
Ale A
o : :
e K « GUIK,F,g,Ag)h
Epsl« 2
F« GUIK,F,g,Az)2
19 e It
ne—n+1
n 0
R Epp + Epsl
. (o
while |Eps1— 1| » 0.001 Al =
"Hauano HTepaHH" 1 1<11) 11
&« MCHE(E F,2.1U, TH) Ay ;
[. ] EMI ]
72 Z1(A &kl
’ e
e . :
{n
Ble—70s FE™" < F
gl intele) reds & 2=
Gi o mtc[c] KEOHED HTERpaloHH
: AT
lci =i ¢ = All k11 Ep n)
l'onmoBHas mporpamMma pacyera
{1007}

Gl - MHTEHCMBHOCTE HANDAXEHWA B KEHAOM SNeMEeHTe Ha K0 HTepaLM
100,73 £1 - MHTEHCMBHOCTE AhOpMALWA B KEHAOM SNeMEHTE HE KENI0H UTepaLi1

{4,100}

4,100} E
{132.7) & - Y3ANOBbIE NepemMellleHNA Ha Kaoi MTepaLuy

HEANPAHEHWA B KEHOOM NeMeHTe Ha NOCNedHeM UTepalm
OehOpMALNY B KEHIOM 3NeMEHTE Ha NocNeaHeR HTepaLMu

=]

£100,7} k1 - NPW3HAK NNACTUYHOCTH SNEMEHTE B KEHAOM 3NEMEHTE HA KO OA MTepaLm
(7.1} Eps - 3HAK CXOOMMOCTK (NOMPEWHOCTE PAacHeTa) Ha KA oA MTepalUm
7 n - 0BWee Yucno MTepauuri

ZZy = 221100 2 273 = 2,23.10_6 NepeBol HanpseHi B MMa
ZZ3 = 222-106 ZZ4 = 2,24-106 nepeeot dedopmauwid B EOL
Conep)}(aHI/Ie BBIXOJHOI'O MacCuBa TOJIOBHOM IIporpaMMabl

l'omoBHass mporpamma [OJauMHHAas W y3Kas, 3aHMMaeT MHOTO MecTa B JOKyMmeHTe. Ha
pucynke 5511.14 npaBslit cTonOel ABISETCS MPOJIOHKEHHEM JIEBOTO.

st sxoHOMUM MecTa pPsJIOM C TOJIOBHOM U APYTMMH IIPOrPAMMAMM MOXHO BBOJIUTH
CJIEAYIONIME 3a IPOIpaMMOW BBIpRKEHMs. BakHO JIMIIB, Y4TOOBI 3TH BBIPRKEHHS OBLIN
IpaBee WU HUKE UMEHH BBIPAXKEHUSI-IPOrPaMMBI.

MHoro Mecrta B ImporpamMMme 3aHUMAeT MPHUCBOCHHUE 3HAUYEHUM NepeMeHHbIM. VX MOXHO
yOpaTh W3 mporpaMMbl W TOMECTUTHh B NApaMeTpbl MMEHH nporpamMel. Ho mpu sTom
IporpamMMa CTAaHOBHUTCSI OYEHb HIMPOKOW M 3aHMMAeT elie OOJbIIe MeCTa B JOKYMEHTE.
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Benp Mathcad orBogut mox mro0oe BbIpakeHHE (B TOM 4HMCIE M IOA MPOrpammy)
MPSIMOYTOJIBHYIO 00J1acTh.

OnpepeneHne cpefHWX HanpsXeHWA W gedopMmauniA B yinax
Wl = gl = 224
k=1.HE j=1.3 1=1.0NO ;1=1.4 cji=0 gj,i=10

ge; =100 geMIUk,j = gEMIUk,j +1

o
. = : o el
Oj1, MIUy j = Oj1, MIUg ;+ 511k Ti1,i= =

1
_ — : B
i1, MIUy j = i1, MIU ;+Elj1 k Eil,i= =

HanpaEKeHWA B Wanax
Te = O 4 T = 03 4 T = 04 4
z 1.1 ¥ Bl Iy, 4.1

Puc. 55I1.16. onpeneneHne HAIPsHKCHUH U IeOpPMAIHii B y3JIaX CHCTEMBI

n=27s k=1,3.20

GiHEl‘-I.TE:I{k = (_Zzl_]k i GiI{DHeqk = (Zzljk i

] ]

EiHEl‘-I.TE:I{k = tzzﬂk,l EiI{DHE!‘-Ik = (222]1{,11

MHTEHCHEHOCTH HANRsTHeHWA v dechopralui, CpefHre No NNowWaax
aneMeHTa Kk, Ha NepBOA WM NoCNegHer HTepaUWax

Epe= —
3.24
. 2000
1214 Ulnaq.'rexk
1.0861 2, /
Eps = | 1.0484 lxomets 1500 N
Lo | — o \ o
"% 100
; <
1.0094 Slgone
g Cle &
e
] 5 mn 15 20
k

Puc. 55I1.17. Hanpsoxkerus u qeopManni B BEpTUKAIFHOM CEYEHUH KOJIbIIA TIOCIIE TIEPBOM 1
nocneHeN uTepanui

PesynbpraTomM paOOTBl T'OJIOBHOM MPOTpaMMBI SIBJISETCS MOCIEIHUI ONepaTop MporpaMMbl
— 3TO BBIXOJHOI COCTaBHOM MaccuB. B Hero BKIIIOUEHO BCE, YTO MOXET OBITh IPUTOUTCS
JUIsl aHaJIM3a pe3ynbTaroB pacuera (puc. 55I1.15).

B pesymsrare paboThl TONOBHOM mporpammbl ZZ onpeaensiorces aedopMmanuu  u
HAMpsHKCHHS B KAKAOM OdJeMeHTe. [Ipu HCMOJb30BAHMU TPEYrONbHBIX KOHEYHBIX
971eMeHTOB  (pyHKIUS (OpPMBI — ypaBHEHHE IUIOCKOCTH M €€ MPOU3BOAHBEIE 110
KOOPAMHATAM Y U Z — KOHCTAHTHIL.

[MosToMy nedopManmmMu ¥ HanpsHKEHHS UL KaXIOTO 3JEMEHTa TOXE  SIBISIOTCS
MOCTOSIHHBIMH T10 IUIOIIAIH dJIEMEHTa. DTO OOCTOSATENBCTBO BBIHYKIACT pa3OUBATh TENIO
Ha JIOCTaTOYHO MEJKHE 3JIEMEHTHl, 4YTOOBI IOBBICUTH TOYHOCTH pacyeToB. Takoro
HEJOCTaTKa HeT y MPSIMOYTONBHBIX JJIEMEHTOB, PACCMOTPEHHBIX B iprMepe 56.
HdebopManuy W HanpspKEeHUS B Y3JOBBIX TOYKAX TeJa ONPEHENSIOTCS Kak CpeIHHUe
apudMeTuyeckue BeNWYMHBI JedopManMii WIM HAUpsDKEHHH BO BCEX DJIEMEHTAX,
cxoaamuxcs B y3ie (puc. 55I1.16).

Jnst BBINOJNHEHHUS 3TOW OIEpallMyl OPTaHW30BAaH CUCTYHK JE DJIEMEHTOB, CXOISLIMXCS B
y3Ie, ¥ CyMMaTop Ae(GopMalHil U HANPSHKSHUH, CYMMHUPYIOIMN 3HAYCHUS HATIPSDKCHUH ©
U neopManuii ¢ , KOTOPHIM B MaTpHULE HHAEKCOB MIPUHAIEKUT OJJHO M TOXKE YHCIIO.

Jus ymobctBa HaOMIOACHWH BEIWYMHBI HANpsOKCHWH W geopManuii yMHOXKEHBI Ha
ko>pduuuenT mnepesoa 3Havenmit B Mna u EOL (1 EOA=10°— enuuuua
OTHOCHTENIbHOU AedopMaryn).
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Ha pucynke S55T1.17 nokasaHbl pe3ysibTaThl HTEPALIMOHHOTO TIpolecca B mporpamme ZZ:
M3MEHEeHHe KpuTepHs cxoaumoctu EpS B mpouecce cemu utepauumii (cineBa ot rpaduka),
3HA4YCHHUS WHTEHCHBHOCTEH NeopManuii W HANpsHKCHUH IIOCNe TEePBOM W IOCIIEIHEH
UTEpAIK B BEPTUKAILHOM ceueHHH (e mpuiioxeHa cuia P).

OTMeTHM, YTO HampsDKEHHUS B CEUEHHM Koiblla MeHsoT 3Hak (puc. S5I1.18). Omnako
WHTCHCUBHOCTH JeOpMaldii W HANPSHKCHUH & W Oi BBIYUCILIIOTCS KaK KOpPEHb
KBaJpaTHBIA W TIOPTOMY BCErIa MOJOXHUTENbHEL. OMacHble TOYKH B CEUCHHH, TJE
HaIpsDKeHUsl Gi HauOOoJIbIINe, B KpailHUX BOJIOKHAX BHYTPH KOJIbIIA.

Harpy3ka, COOTEETCTEYIOWAA  Fz = —5190.12H NERCTEYIOWAR Harpy3ka By =030
Hauany TekyeCTH

C YHETOM NNAcTHYSCKUX DethOpMaLWE

B EEPTHEANIEHOM CEHEHHH B TOpHIOHTANEHOM CEHEHHE
400 400
320 1t 320
.l
Py 160
o 80 P ” 80
0 v — e — i o
seese :* o F'E L
—a0 ‘.“ L 'DOOO _SD..no-o-c-l-
-160 - — 160 p
-240 A Prd
] -240 "
-320 - o
E: ’f
403 4 5 6 7 8 9 w1 -400
) 66 65 64 63 62 61 60 50 53 57 56
1 .
1
B HOMED Vala

Puc. M6.18. CpaBHeHHE pe3yIbTaTOB pacyeTa MpH yIPyroi u ynpyromiacTuieckoi aehopmManun

Ha pucynxe 55I1.18 cpaBHMBaeTCs paclpeieneHue HapsHKeHU B OMAaCHBIX CEUEHHAX IpU
YIOpYroi W ymnpyromiactuueckoil nedopmanuu. YIpyrue HampsOKEHUS B KOJIbIIE
noacunTabl B npuMepe 53. Kak BHAHO M3 3TOr0 PHCYHKA, XapakTep pachpeaeieHHs
HalpsDKeHWH TpU Tepexojie OT YNpyrod K yHpyromiacTuieckod nedopmanum He
MeHseTcs. B Toukax, rae ynpyrue HanpsDKCHHS MPEBBIMIAIOT Hpenesl TeKy4ecTH (BOIH3H
KpalHUX BOJIOKOH), YIPYTOIUIACTHYECKHE HANPsDKCHUS CPEe3aHbl J0 BEIMUYHMHBI Mpereia
TEKY9ECTH.



[Mpumep 56. cnonb3oBaHne NPSAMOYronbHOro
211 KBagpaTU4YHOro arnemMeHTa

(Mporpamma 56-MK3-7-n3onapam.mcd)

B npumepax 53, 54, u 55 mpu pemieHHH 3aJauyM METOJOM KOHEUYHBIX 3JIEMEHTOB
WCTIONB30BAJICA TPEYTONBHBIA 3JIEMEHT. DTO MPOCTEUIINN BHJI KOHEYHOTO syeMeHTa. Ero
¢yHkIms HOpMBI — JNMHEHHAs, IpeCcTaBIsIomas coboil ypaBHeHNE IOCKOCTH. Jpyrumun
CJIOBAMH, HCKOMasi TOBEPXHOCTh MEPEMEIIECHHH ampoOKCUMHUpPYeTcs HaOOpOM IUIOCKHX
TpeyronbHUKOB. Clef0oBaTeNbHO, IS MOJYUYCHUs yIOBICTBOPUTEIBLHON alMpPOKCUMAIIUH
HEOOX0AMMO pPa30MBATH IUIOCKOE TEJIO HAa OONBIIOE KOJMYECTBO CPABHUTENBHO MEITKHX
TPEYTOIbHUKOB.

[TIpn wWCHONB30BaHMM YETHIPEXYTOJBHBIX AJIEMEHTOB (yHKUIUS (OPMBI OIHUCHIBAETCS
MOJIMHOMOM, YHCJIO AJIEMEHTOB KOTOPOTO PABHO YUCITY Y3JIOB 3JIEMEHTA.

sl TOBBIICHNS! TOYHOCTH PAacdyeToB B HAIIEM IPUMEpE HCIIOJIb30BAH KBaJIpaTHYHbIA
M30I1apaMeTPUYECKUH AJIeMEeHT ¢ 8-10 y3namu. Kpome 4-X yIrioBBIX TOYEK, B3STHI €LIE y3JIbI
MOCepeIMHe CTOPOH MpPSMOYTOJbHUKA. B TakoMm ciydae KOJIMYECTBO 3JIEMEHTOB, Ha
KOTOpBIE pa30MBaeTCsl TENO, MOKET ObITh HEOOJIBIINM 1 3aBUCUT OT KOH(PHUTYPAIMH TEa.

R4
i

! g 3
7@ & i
’. .
: g 7
o0
50
20
- >
¥
S Y E i P— I

Puc. 56I1.1. Cxema pacuera TpyObI 1O/ JTABICHUEM

TpyOy, HarpyXeHHyH BHYTPEHHHUM JaBICHHEM, MOXXHO paccMaTpuBaTh Kak
OCECHUMMETPUUHYIO 3a/lady, U Ul pacdyeTa UCIIOIb30BaTh BCETO OJWH KOHEUHBIH JIEMEHT,
TIpeCTaBICHHBIN Ha puc. S6I1.1.

Tpyba HaxoAUTCS B YCIOBUSIX ILIOCKOH fedopmarun, To ectb oceBast aedopmanus €, = 0.

I'paHn4HBIMH YCIIOBHSIMH JUIi TakOW 3aJauyd SIBJIAETCS PAaBEHCTBO HYJIO OCEBBIX
MepeMEIIeHUH BCEX y3/IOBBIX TOUEK.

JlaBneHne Ha BHYTPEHHIOIO MOBEPXHOCTh TPYObl 3aMEHEHO 3KBHBAJICHTHBIMH Y3JIOBBIMH
CHJIaMH.
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MIT=(3 58 7 6 4 1

2)

I = (T ) Sie BOh S R Sl = RT

=00 0 0 0% 10 20 20 207 Z::ZT
g=(l1 3 35 i 13 15}
rpaHuYHbIE T :
YCNoBua &= g Ng = rows(g) 1.=1.HNg Ag =10
WHCTIO YNOR NU = max(MIT) MU =8
YWUCNO 3MNEMEHTOR NE = rows(MIU) NE = 1
EBOJ EBeKTOpa CWn B = i = 1. ZWN0E = 0
EFg .= 10000 Fig:= 20000 Fig:= 10000

Puc. 56I1.2. icxonHble faHHBIC /IS pacyeTa TPyObl 0] 1aBIECHHEM

Ucxonusle maHHble UL pacdeTa (KOOPAWHATHI Y3IIOB, MATPUIA HWHICKCOB, TPAHHYHBIC
YCIIOBHSL I BEKTOP HArpy30K) IPHUBEICHBI Ha puc. 56I1.2. Pacuer BBIMONHEH B KHJIOTPaMMax
U MIJUIEMETpax. 3aJaHHble HArPYy3KH COOTBETCTBYIOT JABJICHUIO BHYTPU TPyObI HOPSIIKA
700 armocdep.

—0.7746 _—[:1+E_,—i—nZ]-[Zl—@:]-[:1—1]\,]-0.25_
£ = 0 Lelbi e s
0.7746 (c1+&-n)(1+e)(1-n)025
4 (1+&)(1-7)(1+7).05
n =g e el 3 e _
(—1+e+n)l1+&)(1+7)025
0.5556 . \ ¢ S \
(1-g)l1+&e)l14+n)05
w = | 0.88889 . s g .
(—1-t+n)l1-&)l1+n)025
0.5556 N e} " :
(1-&)l1+n)l1-n)0s5

Puc. 5611.3. ®ynxunu popmsl

Oynkuuu GopMbI MIPSIMOYTOJIBHOTO 3JeMeHTa ¢ 8-10 y3JaMHu IMpuBe/ieHbl Ha puc. S6I1.3.
OHu 3amucaHbl B Oe3pa3MepHBIX KOOPAMHATAX & BIOJL ocu Z U1 BIoib ocu R. [lepexon

OT KOOpAMHAT &, 1 K KOOpAnHaTaM Z, R OCYIIECTBIIETCS C TOMOIIbIO IKOOMaHa

[oz/oe oR/og
~|aZJom oR/om |
ITo yriam 4eTeIpexyrojpHUKAa KOOPAMHATEI & W 1| MpHHAMArOT 3HadeHus +1 m —1. s

MOCTIETYIOMIETO YUCICHHOTO WMHTETPHPOBAHUS BBIOpAaHB 9 TOYEK BHYTPH DJIIEMEHTA,
nokazanHbie Ha puc. S6I1.1. 3HaueHuss koopauHaT & W 1 3TUX TOYEK MPUBEICHBI Ha

puc. 56I1.3. Tam e npoBOASATCS BECOBbIE KOIPPUIIUESHTBI, UCIIOJIb3yEeMble PH YUCICHHOM
HHTETPUPOBAHUH.

KBagpaTHuHBIN 4eTHIPEXyTOIbHbIN 3JIEMEHT COAEPKUT 8 y3JI0B (110 3 Ha KaXKI0H CTOPOHE).
Ero WHTEpNONALUMOHHBIA TOJMHOM SIBJISETCS KBaJIpaTHYHOW (YHKIMEH BIOJIb JIMHUNA
& = const u M = const W 3aIUCHIBACTCS B BUJE:

0 =0 + 0 + o + 0 EN + 05E” + ogn’” + aE™ + agén’

OTH QyHKIMHK U IBYMEPHBIX DJIEMEHTOB PaBHBI HYIIO BO BCEX Y3IaX, 3a MCKIIIOUCHUEM
y371a, HOMEp KOTOPOTO COBIAJIaeT C HOMEPOM COOTBETCTBYIOMIEH (yHKunu dhopmbl. Kpome
TOTO, OHM IPUHHMAIOT HYJICBBIC 3HAUCHHUS BJOJb BCEX TPaHMI] >JIEMEHTa, KOTOpbIE He
colepkaT ykazaHHoro y3nma. Hampumep, ¢ynkmms ¢opmbl N/ Ui KBagpaTHYHOTO
JJIeMeHTa o0palaeTcsi B HyJib BO BCEX y3iax, 3a HCKIIOUEHHEM IepBoro y3na. Kpome Toro,
OHa NPUHUMAET HYJICBbIC 3HAUCHUS BIOJb CTOPOH YeThIpexyronpHuka &=1u n=1.

AMdE(E m) = | for i 1.8 dMdn (& ) = | for ic1.8
: d . ..- - d . ..-
dije =i E ok dl; & Z-HkE nil;
dg dn
d1 d1

Puc. 5611.4. IlpousBonusie oT pyHKUHMI opmbl M0 Ge3pa3zMepHBIM KOOpAUHATAM & U 1)



213

Brrunciienue nmpou3BOAHBIX OT GyHKIHN (OPMEI M0 Oe3pa3MepHBIM KOOpAWHATAM & U M

npuBeaeHo Ha puc. S6I1.4. OHO BBINOIHEHO C MOMOINBIO MPOrPaMMHUPOBAHMA, TAK Kak
BCTpOeHHBIH oneparop auddepenunpoanus Mathcad BeMHCISET MPOU3BOAHYIO TOJBKO
OT OZIHOTO BBIPXKEHHS, HO HE OT MacCUBa (DYHKIIHH.

fOpMUpOBAHWE MATDWLE k=1.NE i=1.8
MHAEKCOB NepemelleHii
no Matpuue MHaekcoe yanoe Mk, 2.1 = MUk ;- 1

Ml 7.4 = My 4

i=1.8 alj=01=1.16 j=1.16 EE; ;=10

MaTPULIE BHYTPEHHEH MeCTHOCTH NPK NNoCKoH AedopmMaLim

= 0
Sl 0 -
C = = e =
L G+ -2
=i
G0 e
2

Puc.5611.5. ®opmupoBaHue MaTpULbl HHAEKCOB NEPEMEIIEHUI

[Tocne BBOga (hyHKIMI (HOPMBI M MX NPOU3BOJHBIX HAYWHAETCS TPAAWIMOHHBIA pacuer
METO/IOM KOHEYHBIX 3neMeHTOB. Ha pucynke 56I1.5 mokazano ¢opMupoBaHWEe MaTpPHILBI
WHJICKCOB TIEPEMEIICHUI 110 3aJaHHOH B WCXOJHBIX JaHHBIX (puc. S6I1.2) matpure
WHJICKCOB Y3JI0B W MaTpHUIda BHYTPEHHEH >KECTKOCTH JUIi OCECHMMETPHUYHON 3aJadd.
Mopyns Onra E wu koad¢uument Ilyaccoma p mist cranu 3amanbl Ha puc. S6I1.2.

Martpuna *KecTKOCTH 3JIEMEHTa BEIYHUCISIETCS IO (hopMyIie
K¢ =jAT .C-A-dV,
\%4

riae AzDT(N ) — Marpuua HpOU3BOIHBIX OT (yHKUMI (Gopmbl, D — MaTpUYHBINA
nuddepeHunanbHbIi onepaTtop, 03HAYAIOINI IPHUCBOCHUE B 33JAHHOM TOPSIKE ONePaIiu
muddepeHunpoBanus Kaxaod u3 QyHKuuMd (HOpMBI, BBINONHSIEMOE [0 MpaBUiaM
MePEMHOKECHUSI MATPHIL.

WuTerpupoBanye BBIMOIHICTCA YHCICHHO MO KBaapaTypHbIM (GopmyrnaMm [aycca mytem
CYMMHpPOBAHHSI BBIpOKEHHH MO 9 TOYKaM C YYETOM BECOBBIX KO3()(UIMEHTOB w ,
npuBeneHHbIX Ha puc. S6I1.3. TIpu 3TOM BMecTO MHTErpajga BBIYUCISETCS MPUOIKEHHO
paBHas eMy CyMMa

n n
T

K =3 ) 2nR(Em) - AT - C- A-det[J]-w(&) - w(ny).

i=1 j=1
Berancnenne MaTpHIbl KECTKOCTH 3JIEMEHTa OPraHH30BaHO B BHIE IBYX IOANPOTPaMM-
(hyHKUIMI ¥ TOKa3aHo Ha puc. S6I1.7.
Marpuna A npou3BogHBIX OT (GyHKUMIT HOpMBI MMeeT pazmepHocTh 4x16. Kaxnplit psn
oTOH Marpuubl  GopMmHpyeTcs oTaensHo B noanporpamme  A(kE, 1), a 3arem

00BeIUHAIOTCS ¢ MoMOIIBI0 (hyHKIMK Stack B BeipaxeHnu AA.
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BB(dNdsx, dNdy,al, ar) ;= augment(stack(dNdsx,a0), stack({al, dMdy) , stack (a0 ar), stack{dNdy, dNdzx))

: T ;
Blk.&,n): for iel1..8 | o ————
i1 < Dy 4 K« KK
Xi,geRMIUki A0
(o S for 1€1..3
I dne(e )
(D i £ =18
lE,q)
e ) for 1.3
i
1" X e nj
5 T ) ; _ :
ae L") Rj < Ry g+ (Frruy g~ Rty
Tl BB <« Bk ,7)
B« BB
dHdy «— a(2> I
. J+ BE2
nig, m) 5
dlite X(2) KeK+2nRjB -C-B-|J|-wi-wj'
T A At |J|-wi-w]'
B « BB {dMdx,dMdy,al,ar)
KEp«— K
for jel..16
i > e BE: A
fje= |21-1 if j£8 RS
: : i
201-8) otherwise FRESFE
for 1=1..4
Bli,jjj& Bij He paboTaeT & Mathcad 13
(Bl ] B dNdz dMdy )T KE; = (800.072) PaBHO NNOWaaK 3NEMEHTE

Puc. 5611.6. ®opMupoBaHuEe MaTPULbl )KECTKOCTU DIIEMEHTA

B moamporpamme A BHauaie KOOPIAMHATHI y370B Z U R OOBEIUHSIOTCS A ymoOcTBa
BBIYMCIICHUA B OJWH MAacCHB. 3aTeM BBIYHMCIACTCA SKOOMaH J M C €ro IHOMOIIBIO
Npou3Bo/iHbIE OT (yHKIMIT Gopmbl Mo KoopauHaTam Z u R. Jlanee BbI3bIBaeTCs (YHKIMS
AA u popmupyercs maccus A.

B koHIe moanporpaMMmbl MPOUCXOAUT HEepeHyMepalysi 3JIeMEHTOB MacchBa A, 4TOOBI
YIOBJIETBOPUTH YCIOBHIO: TOPU3OHTANIbHBIE IIEPEMEILEHHS — HEUYETHBIE, BEPTUKAIBHbBIE —
YETHBIE.

CocTaBHOI MacCHB BBIBOJA PE3yJbTATOB COACP)KUT Hy)KHBIE UIS JAalIbHEHIINX pPacyeToB
MaTpuIly MPOMU3BOAHBIX OT (yHKumit Qgopmer A u sxobuan J. OcTanbHBIE 3JIEMEHTHI
MPUBEICHBI 11 BO3MOKHOTO aHAJIN3a PE3YIIbTaTOB U MOTYT OBITh YAAJIEHbI U3 IPOTPaMMBI.
B noxnporpamme KE dopmupyercs MaTpuna >KeCTKOCTH 3JI€MEHTa 110 NPUBEACHHON BBILIE
topmyne ¢ OBOWHOW CyMMOH, CyMMHpPYIOUIEH BKJag B pe3ylbTaT BCeX 9 TOYEK
UHTerpupoBanusi. B oaroli  ¢dopmyne wucHonb3yroTcs paamychl R BCeX  TOUeK
HHTETPUPOBAHHNA, KOTOPLIC PACCUNUTHIBAIOTCA YyTh BbIIIC MaTPpHUIBI )KECTKOCTH.

B KOHIIE moANpOorpaMMbl ONPEACIACTCA IUIOIIA[b J3JIEMCHTA. 910 BBIPpAXKCHUE SABJIACTCA
MPOBEPKOH NMPAaBMIILHOCTH BBIYMCIICHHUS SIKOOWAHA U TPOM3BOAHBIX OT QYHKIMH GOpMBI.

MATPHMUA HECTHOCTHM CUCTEMEI 1=1.2NU j1:=1. 2HNU i =
i=1.16 j=1.16 Lk:=1.HE KE = KE|
K =K (KEy)
I A M ;. M +| k-'i,j

YHET MPEHWYHBEE YTNOBWA

B NEPEMELLEHMAX ji=1.2NU  i:=1.rows(g

Fj= for iel. rows(g) ng:= Kg,g{ﬂ‘g
Fje Fj- K o
Eom = | e T = K. = |K. if gj=
g.] ) S i.g o AU
0 otherwize 0 otherwise

Puc. 56I1.7. ®opmupoBaHue MaTPUIbl KECTKOCTH CUCTEMbI

ONPEAENEHWME Y3NOBRL NEREMELEHWA A= K_I-F

NOKANBHBIE MEPEMELIEHWA 3NEMEHTOE N0 CTONGUEM ii=1.16  AEj k= An
OnpeneneHWe KOOPAMHET TOYEK BEIE0AA HANPAKEHMIA
n=3 m:=35 MNOMEHANTE SHAHEHWA N K M

. . =i . =1 .
k=1 HNE t=1.n 1:=1.m .‘_f,li:=1—n—2-1-2 'r|1j:=1—m—2-]-2
n m

Puc. 5611.8. Onmpenenenue y3n0BbIX HepeMeIIeHHN
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Martpuiia KeCTKOCTH CUCTEMBI ONpPEAeNseTCs TaK e, Kak U B nmpumepax 26—30 — myTem
CYMMHpPOBaHUsI KO3 UIIMEHTOB KECTKOCTH SJIEMEHTOB C IOMOIBIO MAaTPUIbl WHIEKCOB
(puc. 56I1.7).

Ha pucynke 56I1.8 noxasaHo onpeneneHue y3/l0BbIX IEPEMEILICHUI CUCTEMBI U 2JIEMEHTOB.
Ha sTom ke pucyHke onpenenstorcsi Oe3pazmMepHble KOOPJHHATHI TOYEK, B KOTOPBIX HAJIO
OTIPEJICTINTh HANpsDKeHUS W jaedopmanmu. KommdecTBo 3THX TOYEK MOXKHO BBIOpaTh
MPOM3BOJIFHO. B 1aHHOM mpuMepe 7 — 9YWCIo TOYEK BIOIb OCH Z, 1M — YHCIO TOYEK
BIOJH ocu R. PaboTas ¢ mpumepom, TOMEHSITE 3HAUCHIS 72 U 1.

Hanpsokernss u nedopManuu 3J€MEHTOB B MX JIOKAJIbHOW HyMEpalUH OIPENeNSIoTCA B
noanporpamme ce (puc. 56I1.9) mo Tem xe hopmynam, 9TO U B MPEABLIYIINX NPUMEPaX,
uis O6e3pa3MepHBIX KOOPAWHAT, BBEIEHHBIX Ha puc. S6I1.8. [ns skoHOMUHM MecTta Ha
PHUCYHKE U B TOKYMEHTE U3 MOJNPOTrPaMMbl GE€ B OTIENBHYIO MOANPOrpaMMYy G BbIAEJICHA
nepeHyMepalys HarpspKeHU 1o croaduam s yno0cTBa MoCTpOCHUs rpauKOB.

gg = | for kel NE g=|foriel.n
for iel.n for kel..NE
ERTE for jel.m
for jel.m e (k=1)m+
P UZil,iF—lit_UEI]k}_ .
- ® i
= ;e Bll.e,n)iAE e
g = it i [[le=1), |
oFj, j& C2Ef L .13
gEly « sE D'til,i&-li('jsl:]k}_ _
g 1.1
oEly < ok ELE .
= til,ie[ﬂﬂsﬂkl ;|
- Lg
gEl

[,Gz or ot 1:,]

Puc. 56I1.9. Onpenenenne HanpsDKeHUH U geopManiii B BRIOPaHHBIX TOUKAX

ROk = Faiy e B Ry 5~ Pty

Rl = RCk+'l|IJ-bk RJ o R.]T

Ana ME=3 zamernuTe RdHa RJ1  BrAoqMTe 3TH 4B3 BRIPaXKEHKMA

Rit < (stack(RFY RSP rfF))" RJ = RII"

j=1.mNE oz:= (_01)({1) Oy = (_Ug)(l) o = (_03)(1)

15

Or. 10 -

5 Fan t....x..

= o.ouXﬂ..'..

Utj 5 x.tlt..x

D

UZJ- TR o S e | -
0

- -f_
_555 Il a5 70 75 a0 85

Rl

Puc. 56I1.10. Pe3ynbraThl pacuera HanpsHkeHUH B TPyOe 1101 JaBJIeHHEM

PesynpraTsl pacdera HanpsHKEHUH B TpyOe 1Mo AaBJICHHEM NpuBeaeHs! Ha puc. S6111.10.
Juis moctpoeHus rpaduka Oe3pasMepHbIC KOOPAWHATHI TOYEK 1), T OIpeIcIiCHBI
HAaIpsDKeHUs, IepeBeIeHbI B pa3MepHbie R (B MunMmeTpax).

PacdeTsl MOKa3bIBAIOT, YTO JAXKE UCIIOJIB30BAHHE OIHOIO JJIEMECHTA MO3BOJISCT MOJIYYUTh
XOPOIIIHE PE3yJIbTATHI.

Ha pucynke 56I1.11 HaxonsaTcsi HCXOMHbIE JAHHBIE ISl PEUISHHs 3TON ke 3a7auu ¢ 3-Ms
JJIeMEHTaMU. 3aMEHUTE B pacyeraX WCXOAHbIC JaHHBIC [UIS OJHOTO JJIEMCHTA,
TIpUBEJICHHBIC Ha pHcC. S6I1.2 maHHBIMH A7 3-X 3JIEMEHTOB.
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KOOROMHATE] W3N0E
216 R = (110 100 90 &0 70 60 50 110 90 70 50 110 100 90 &0 70 60 SDj

Z=(0 000000 10 10 10 10 20 20 20 20 20 20 20)

MaTprLa MHOERCOE

il
R:=ERK i T T R R S | R
Z= ZT LTI =N RS A= A R R

S 5 R A T

FRAHMYHBIE YCAOBWA (NEBEHCTEO Hy MK OCEBbLE NEPEMELLEHM
E NOMNEpEYHER CEYEHMAX TpYDRI

i =1 RO I 1 [ GG e o O S A ]

g=g| Mg =rows(g) i=1 Nd |hg:=0

GMCNO YSNOE [NU = max(MIU)| NU = 18 ]

HHUCIO S'.I'IEMEHTDEi MNE = rows (MIU) ME =3

BEOL EEKTOpa CMN lk:=1.2HNU |Fk:= 0
Flgq = mnnq Fo7 = 2nnnq Fi6 = mDDq

Puc. 56I1.11. VcxonHble JaHHBIC JUIs PELICHUS 3a]1a4d € 3-Msl dJIeMEHTaMH

B pacuerHoif cxeme 3 aieMeHTa pacoJIOKEHbI Ipyr Haj ApYyroM, a B MaTpulle o
HATPSDKCHUS B HUX HAXOJATCS B Pa3HBIX CTOJOIAX, MOITOMY IEepe]l MOCTPOCHHUEM Tpaduka
MacCUB G ISl 3-X DIIEMEHTOB TPaHCPOPMHUPYETCS B BEKTOP ¢ TOMoIIbio GyHkiuu stack.
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