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JlaGopaTopHas pa6oTta N2 1. MogesimpoBaHue AUHAMUKY JIUHENHOIO

OCLMJ/IATOPA
I_[em, pa60TBIZ HU3YUYUTb METOABI UCCIICAOBAHUS MOBCACHUA JUHAMUYCCKUX CUCTEM HAa NPUMEPE PCHICHUA

3amaqn Ko yist muneitHoro quddepeHnnanbHoro ypaBHeHus 2 mopsiaka ¢ ucrnoib3oBanuem cucrem MathCAD
u Matlab.

PaccmoTpuM ABIKEHHE M3 TIOJOXKEHHS pPAaBHOBECHS TIpy3a Ha INPYKUHKE MOJ JACHCTBHEM
BHEIIIHETro UMITyJabcHOro ycmus f(t):

O | xty = £, (1)

e
3nech X(t) — mepeMeHHas, OMMCHIBAIONIAs CMEIIEHUE TPY3a,
t —Bpems,
m — macca rpysa,
K — 7KeCTKOCTh MPY>KHUHBI.
VYpasuenue (1) ecTb nuHeiHOE HEOAHOPOAHOE M depeHIaTbHOe YypaBHEHHE BTOPOTO MOPSIKa
C MOCTOSTHHBIMH KO3 QUITHECHTAMH.

B kauectBe HauanbHbIX ycnoBuil npumeM  X(0) =0, % (0)=0.

JIns 3aganHbIX KOA(QHUIMEHTOB YpaBHEHUS U BHa (GUHUTHON Ha OTpE3Ke [O, r] ¢ynkuun T (t)
TpedyeTcs:

1. Omnpenenuth XapakTep U3MEHEHHUsI CMELICHUS IPy3a Ha OTPE3Ke [O,T ]

2. Tloctpouth (ha3oBBIil MOPTPET MBMIKEHHS: 3aBUCHMOCTh CKOPOCTH JBHIKCHHUS TPy3a OT €ro
CMEIICHUS.

3. OmnpenenuTh NpHUMEpHOE 3HaueHHe Kod(pduIMeHTa TUHAMHUYHOCTH CHUCTEMBl «TIpy3 Ha
NPYXHHE», PABHOTO OTHOLICHUIO MaKCUMAaJbHOM aMILTUTYbl CMEIICHHS Ipy3a K aMIUIUTY/E
€r0 yCTAaHOBHMBIIHMXCS KOJICOAHHI.

4. OmnpenenuTh BIUSHAC W3MECHEHHS MapaMETPOB CHCTEMbI M,K,7 Ha XapakTep MOBEICHUS

uccienyeMoit pyHkmuu X(t) .
5. Beectn nemndupyromuii smeMeHT B ypaBHeHHe (1): 100aBUTH B JIEBOM YacTH YpaBHEHMS
dx(t)
dt

cj1aracMoc Buaa 7

, koo ¢puruent nemndupoBanus 1 NpuHATH paBHbIM 0.1. Onpenenuts

€ro BJIMSIHHUEC Ha ITOBCACHHUEC CUCTCMBI.

BapuanTsl 3a1anuii

No m % T T f(t)

0 1 4 3 10 1

1 2 10 10 30 cos(t)

2 2 10 10 30 cosl\/5 t)

3 2 5 4 15 1/(t +1)

4 3 1 5 15 sin(t)-exp(-0.2 t)
5 4 1 3 10 t-exp(-0.3 1)
6 2 2 4 15 cos2t) /(t + 2)
7 1 4 2 10 In(1 + t2)

8 3 6 3 20 t/(t* + 1)

9 2 1 2 30 t-cos(t+2)

Homep BapuaHTa COOTBETCTBYET MOCIEAHEH Hu(pe B 3aUeTKe.
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3aganue BeinoHUTH B cucteme MathCAD, a taxxke o Beioopy B cucteme MatLab umu Scilab

C HCIIOJB30BAHUEM YHCICHHBIX pacdy€TOB M MOAYJISI MMHUTAlMOHHOI'0O MOACIMPOBAHUA Simulink
(Xcos).

IIpumep BbInoJHeHUus1 padoThl B cucteme MathCAD.

3aZ[a,Z[I/IM napaMeTpbl CUCTEMBI:

m=0. k=2 T =3 T=1
Onpenenum UMITYJIbC YCUITUSA:
f(y:= [Jt if 0<t<r

0 otherwise

OnpenenuM MpaByro 4acTh AUQPHEPEHINATHHOTO YPABHEHUS C €r0 MPUBEICHUEM K CUCTEME B
HOpMaJIbHOM (hopme

ol
D(t.%) = | F(1) — kX,

m
3amaauM HavallbHBIC YCIOBUS s 1M (HepeHIInaIbHOTO yPaBHEHUS

5

Pemmm ypaBuenue metonom PyHre-KyTTa ¢ mOCTOSHHBIM LIaroM Ha MHTEpBaje [O,T] u 1000
TOYKaMHU UHTEIPUPOBAHUS
Res = rkfixed(x,0,T, 1000 D)
[Toctpoum rpaduk nepemenieHuit rpysa
15

[Toctponm (ha3oBbIi MOPTPET CUCTEMBI

-1 -05 0 0.5 1 1.5
Resm

C;[enaeM BBIBO/I, YTO XapaKTCP ABHUIKCHUSA ,[[HH&MH‘ICCKOﬁ CUCTCMBI COOTBCTCTBYCT LICHTPY.
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IIpumep BhINoJIHEHHs1 padoThl B cucteme Matlab.

A) Hcnonb3oBaHU€ YUCICHHOTO aJITOPUTMA Ha OCHOBe MeTojia Pynre-Kyrra.
Tekcr ckpunra B cucreme Matlab perenust mocraBnennoit 3agaqm.

% OnpegnesniaeM MHTepBaJl MHTerpupoeaHua OLY

T ;

t int=[0 T];

% 3amaeM BEeKTOP HaYaJIbHEIX YCJIOBUM

init cond=[0;0];
Bri3piBaeM MeTol PyHre-KyTTa 4-T0 HopsAnkKa PelleHVsa ypaBHEHUS.
dyukuma F onpenesigeT Npabyl YacThb ypaBHEHMHA, BalMCaHHOI'O
B BUIe cucTeMs IY B HOPMAaJIbHOM Qopwme

t,X]= oded45(Q@F, t int, init cond);
BeiBOIMM I'padmky BPEMEHHBEIX BaBUCUMOCTEN

subplot(1,2,1)

plot(t,X(:,1),'r")

hold on

subplot(1,2,1)

plOt(tIX(:l2)l 'b__')

subplot (1,2,2)

plot (X(:,1),X(:,2))

o0 — o© o© o°

% OnpenensgeM OPaBYyK YaCTb CUCTEMEL
function D = F(t,X)
k=2;
m=0.5;
tau=3;
if (t<=tau)
f = sqgrt(t);
else
f =0;
end
dX1l = X(2);
dX2 = (f-k*X (1)) /m;
D = [dX1;dX2];
End

Pe3y.]'IBTaTBI pa6OTLI NMpCACTABJICHBI HA PUCYHKEC HUKC.
4 Figure 1 - O x

File Edit View Inset Tools Desktop Window Help N

ODdde M|AKODEL- |2 |0E | aOd

.




b) UccnenoBanue 3a1a4u B cpejic UMUTAIIMOHHOTO MoaenupoBanus Simulink cucrembr
Matlab

X(t
IpeacraBuMm  auddepeHMaibHOE  ypaBHEHHE dt() kx(t)=f(t) B paspemennom

OTHOCHUTEJIBHO CTapIIEed IPOU3BOAHON BUJIE:
dx(t)  f(t) kx()
d> m  m
Torga, ¢ NOMOILIBIO onepaTopa UHTETPUPOBAHUS, IIPUMEHIEMOr0 JBAXK/bl, MOKHO IIOJY4YHUTh
UHTETpaJIbHOE YPABHECHHUE:

X(t) = j d| dt( f) kx(t)j @

m

Jnst ypaBHeHHs (2) MOXHO COCTaBUTh MMHUTAIMOHHYIO MOZEIb C HCIOJIb30BAaHHEM OJIOKOB
cuctemsl Simulink Matlab.

J11s1 3TOTO B KOMaHIHOM CTPOKE WK penakTope cucrembl Matlab 3anannm HauasbHbIC 3HAYCHUS
MIEPEeMEHHBIX 3aJIa4H.

A Editor - C:\Users\Admin\f.m
| fm | + |

- m=0.5

k=2

— tau=3

- T=10

o S
I

Bezosem momyse Simulink
4\ MATLAB R2012a

HOME PLOTS APPS EDITOR PUBLISH WIEW B 4 &
= r 17, New Variable 7 [« Analyze Code
=l oo 5 (] Find Files v H " B ay
t» open variable &7 Run and Time
New New New  Open |£_:_| Compare  Import Save Favorites Simulink
Script Live Script = - Data Workspace [ Clear Workspace ~ ~ [/ Clear Commands ~
FILE VARIABLE CODE SIMULINK

OtoOpa3uM Ha dKpaHe OMONMOTEKY rpaduuecKux OJOKOB CUMYISIMH TpoueccoB (Simulink
Library Browser)

O - ~ A
mEE I Liorary browse — O
< |E' ter search term V|-"?.i4‘ 7 7 7
Simulink)Sinks
¥ Simulink -
Commaonly Used Blocks ) :l D il DutBus.signall
Continuous
Dashboard Display Floating Ot Bus Element
Discontinuities Soope
Discrete
Logic and Bit Operations X 1) 3] STOP




XapaKTepI/ICTI/IKI/I HCIIOJL30BaHHBIX OJIOKOB U UX Ha3HaUYeHHE IIPUBCICHEI B Ta6n1/1ue HUXKC:

biiok I'pynna HasBanue Hasnauenue [TapameTpsl
Sources Step [ToporoBas eaunnuHas | Step time- Bpems neicTBus
J_ p byHKIHS umnynbea tau=3,
Step Initial value =1,
Final value =0
_/ X Sources Ramp [Tonynunelinas HeT
GyHKIHS:
Ramp Y=t npu t>0
— Math Sart KBanpaTHblii KOpEHD HeT
A Vu P | Operations
Sart
L b Sources Constant Constant value = m umu k
Constant
3 Math Product [Tpoussenenue wi | Number of inputs: **/
y * P | Operations 4acTHOE JBYX U 0oJiee | - COOTBETCTBYET
Product BEJIMYHH HIOCJIEIOBATEILHOCTH 3HAKOB
orepanuii MexxJy Bxojamu 0J10ka
¥ Math Add Cymma wiu pasHocts | List of signals: +-
3+ P | Operations OBYX  Wid  0oJjiee | - COOTBETCTBYET
Add BEJIMYHMH HIOCJIEIOBATEIbHOCTH 3HAKOB
oreparuii Mexxy BXxoJamu 0J10ka
Continuous | Integrator | Omeparop Initial  condition:  HavanbHbBIC
Y Lp WHTETPUPOBAHUS  TI0 | YCJIOBHA IO TEPEMEIICHUI0 WIIH
Integrator BpEMEHU ckopoctd, paBHble 0 — s Hamen
3aaun
) ) Sinks Scope brok MIOCTPOCHHS | HET
rpaduxa
Scope XapaKTCPUCTHUKU oT
Bpemenu X(t)
N Sinks XY Graph | Biok MIOCTPOCHHS | HET
5 (hazoBbIX
XY Graph XapakTepucTuk Y(X)

W co3maguM OCHOBHYIO CXEMY
YpaBHEHUH.

nporecca peutenus 3agaun Komm ans nuddepeHuuanibHoro




4 <k
IR als I+
> : o 1 » 1 NI
L 8 8
m
k O
| >
[
T 1 Bl
m | ™

3aHyCTHM MpoueCcCc UMUTAIMOHHOI'O MOACIIMPOBAHUA KHOMKO# Run.

B wurore mosyunm rpaduk 3aBHCHMOCTH TEpPEMEIICHHs Ipy3a Ha MpYXuUHE U (a30BbIA MOPTPET
mpouecca.

4. XY Graph - O * 4 Scope — O W

XY Plot , , : .
1.5 File Tools View Simulation Help ¥

. G- 60P® =-|aQ-C-Fd-

0.5

\'1

Y Axis
=

15 : . )
-1.5 -1 0.5 1.5
X Axis

Ready Sample based | T=10.000




JlabopaTtopHas pa6oTa N2 2. PasMHoO>KeHUe OAKTepUuu

W3BecTHO, 4YTO HEKOTOpbIE OaKTEpUM PA3MHOXKAIOTCS MPOMOPIHOHATIBHO HX HAIUYHOMY
KOJMYECTBY, HO B TO X€ BpEeMsl BbIpA0ATHIBAIOT S/, UCTPEONSIOMUNA UX TPOTOPIHOHATHHO
KOJIMYECTBY s/1a W KOJIHYECTBY Oakrepuii. CKOpOCTh BBIPAOOTKM sia TaKkKe MPOIOPIHOHAIBHA
HAJIMYHOMY KoJudecTBY Oakrepuil. KoapuiueHTs mpornopunoHaJIbHOCTH COOTBETCTBEHHO PaBHBI
K.k, mKk,.

OnpenenuTh 3aKOH U3MEHEHUST KOJMYECTBA OaKTEePHid U 5712, €CIIU U3BECTHO, YTO B HAYAIBHBIN
MOMEHT BPEMEHH KOJIHMYECTBO OaKTepuil OBUIO paBHO &, a sJ OTCYTCTBOBaI. lloka3aTh, YTO YHCIIO
OakTepuil CHayaia BO3pacTaeT 0 HEKOTOPOro HauOObIIero 3Ha4eHus M, a 3aTeM yObIBaeT 10 HYJIS.
[TocTtpouth (ha30BBIA TOPTPET HEIWHEWHOW JMHAMHYECKOW cucTteMbl. OmnpenenuTh XapakTep
YCTOWYMBOCTHU TTOBEICHUS CUCTEMBI.

YkazaHus K pelieHuI0

O003Ha4YMB KOJUYECTBO sJ1a 4Yepe3 X, KOJIMUYECTBO OAKTEPUIl Y U BBIIOJIHUB YCIOBHUs 3a/1a4H,
MOJyYHM CUCTEMY TU(PepeHIINaTbHBIX YpaBHEHUN

dy

ot Ky —k; xy

dx ’

dt Koy

dy dx .
rjae FrarTa CKOPOCTH Pa3MHOXKEHHUsSI OaKTepuil M BBIOOPKH sima cooTBeTcTBEeHHO, KKiK, -
K03 (HUIIMEHTHI TPOIOPIIHOHAILHOCTH.
HauanpHbie ycoBuS UMEIOT BU: x(0) =0,y(0) =a.
BapuanTsl 3a1aHuii

N a k ky k,
0 1 1 1 1
1 2 2 1 2
2 1 2 1 0.5
3 2 1 2 1
4 1 1 2 2
5 2 2 2 0.5
6 1 2 1 1
7 2 1 1 2
8 1 1 2 0.5
9 2 2 2 1

Onpenenuth 1o TpaduKy Mpoiiecca MOMEHT BpPEMEHH, KOTJia YHUCIO OakTepuil JOCTHTHET
HauOOIBIIEro 3Ha4eHusa M, a Taxke camMo 3HadeHne M.
Pemenue 3a1aun oCymecTBUTh OJTHUM U3 CIIOCOOOB, MPUBEIEHHBIX B JIaOopaTopHOii paboTte 1.
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JlaGopaTopHas pa6ota N2 3. /IMuHaMHUKa NONyJSALUU TUNA «XUIHUK -
»KepTBa»

JlvHamuKa MOMyJISUMM THIMA XWUIIHUK - KEPTBA ONMCBHIBAECTCS CHUCTEMOM JIBYX HEJIMHEWHBIX
muddepeHnranbHbIX ypaBHeHui (' ypaBHeHus: JIoTku -BoabTeppsr )

d—>t<= k,AX —k, XY

d
dy (1)
dt

HewsBectHass GyHKIMs X ONUCHIBACT MOIMYJSALHUIO )KEPTBBI, a Y - MOMYJSALHUIO XHUIIHHUKA.
Bennunna 4 xapakTepusyeT NMUILLY KePTBBL, a KO3 GHUIMEHT K, ycTaHaBIMBaeT 3aBUCHMOCTb MEXIY

dX
— u X . KOS(i)(I)I/II_II/ICHT k2 YCTAHABJIMBACT IIPAMO IMPOMNOPHUOHAJIBHYKO 3aBUCUMOCTb MCKIAY

dt

CKOPOCTSIMH H3MEHEHHsl TOMYJSIIMH W YHCICHHOCTBIO TONYJSIIUI XWIMHUK - kepTBa, K; m B

XapaKTEPU3YIOT CKOPOCTH CMEPTHOCTH XUIIIHUKA.
HauanpHbie ycnmoBus 3aiaydl (YHCIEHHOCTb MOMYJALMUNA KEPTBbI U XUIIHHKA B HAYalbHBIH
MOMEHT BPEMEHH ) ONPEEISIOTCS COOTHOIICHUSIMHU:

X(0)=xg, Y(©0)=YyYp.

BapuanTsl 3a1aHuii

1. HccnenoBare perieHue ypaBHeHuit (1) mpu moctostHHBIX Ki K, K3 ¥ QyHKIMSX BpeMeHH

A(t), B(t), 3amaBaeMbIxX TaOIHIICH.

N ki k2 ks A(t) B(t) X0 Yo
0 5 1 3 1+0.8sint t2 2 2
1 5 2 5 1 1/(1+t) 2 1
2 3 3 5 1/(1+t) 1 2 2
2 4 t T 3 4
3 3 t VE
5 4 1 4 1/(3+t) In(1+¢t) | 4 1
6 5 3 3 | 0.75+0.25sint 1 2 3
7 4 4 4 1 Vers | 4 2
8 3 2 3 0.8+0.2cos(t) Vet 1 2 3
9 2 1 1 3 0.5 4 3

2. IToctpouts rpaduxu X (t), Y (t) pemenuii, a raxxke dasossie Tpackropun Y(X) . Onpenennuts

XapaKTep YCTOMYUBOCTH IIOBEIECHUS CUCTEMBI.
Pemenue 3amaun oCymecTBUTh OJJHUM U3 CIIOCOOOB, MMPUBEICHHBIX B JIa0OpaTopHO padore 1.

11



JlaGopaTopHas pa6oTa N2 4. UMUTaLiMOHHOE MOJe/IMpOBaHue B cpeje SciLab

Xcos (Scilab Connected Object Simulator) — cocraBuas yacts nakera Scilab, odecrnieunBarorias
BO3MOKHOCTh BH3yaJIbHOTO MOJIEIMPOBAHUS JMHAMHUYECKUX CUCTEM.

Scilab sBnsercs cBOOOAHO pacmpocTpaHseMbIM aHaiioroM makera Matlab, a cpena
HMHUTALMOHHOTO MOAEIHPOBaHus XC0S — anaimorom Simulink.

MoienupyemMbie CUCTEMbI MOT'YT OBITh KaK HEPEPHIBHBIMH, TaK M TUCKPETHBIMHU.

B kadecTBe npumMepa paccMOTpUM pernieHne AudhepeHInanbHOr0 ypaBHEHHSI TPETHETO MOPsiIKa
C MOCTOSTHHBIMH KO3 GUIIEHTaMH B cpee XCOS:

"

y"+ay"+by'+cy+d =0.

Havanenbie ycnoBus seistores Hyiaeseivu: Y (0) = y'(0) = y(0) =0.
1. Uepes MmeHo Mooenuposanue>Ycmanosums Konmexkcm BBEIEM TapaMeTPbl YpaBHEHUS :

Brl MOMETE 300k BEECTH MHCTPYKLMK Sclab ana onpeneneHa cuMBonMuecMx
MEpaMETPOE, UCMoMESYEMEIX B ONpeaeneHnax GnoKa, MCnons3yHWEro MHCTPYKLWAM Sdlab.
STH MHCTPYKLWAM BEINOMHAKTCA ECAM TONEKO NOATEEMHKAEHE (T, €. Bbl WEnkaeTe Ha OK 1
KEwablid D33 CHEMa 3arpyHasTCR).

a=0.1
b=z
e=-0.5
=1

’ 6.4 ] [ OTHMEHWTE

2. IIpuBenem ypaBHeHHe K popme:

y"=-ay"—by'—cy—d.

Jliis oTeickaHus Hem3BecTHOW Y(1) HEOOXOAMMO TPEXKpaTHOE MHTETPUPOBAHHE MPOHM3BOJIHOM,
BXOJSIEH B JMaHHOEe ypaBHeHHe. llomydaromipecs ToOcCie KaXIOTO WHTETPHPOBAHUS PE3YIbTAaTHI
YMHOKAIOTCSl Ha COOTBETCTBYIOIINI K03 puimeHT u cymmupyroTcs. HauanbHble ycIoBHS 3aal0TCS B
CBOMCTBaxX 0JIOKOB MHTErpupoBaHus. 111 BbIBoa perienus: Y (t) u moctpoenus daszoBoii kpusoii Y'(Y)
ucnonb3ytorcs 610ku CSCOPE u CSCOPXY wu3 nanutpsl «Peructpupyromniie ycTpoincTay.

@ { o

BIGSOM GAIMBLK_f
CymmMmarop =l u OJOK YyMHOXEHUS pacmoiokeHbl B nanutpe «MateMarndyeckue

ornepanumn». biok HHTCTPUPOBAHUA — B MAJIUTPC «CucreMsl ¢ HCTIPCPBIBHBIM BPCMCHEM). I[JBI

CLOCK_c

WHUIUAINA3AIMA TUHAMUYECKOTO Mpoliecca MPUMEHSeTCs Taitmep
COOBITHIT»

B urore MOoJIy4Ynum 06H_IyIO CXEMY UMUTAIMOHHOI'O PACUCTa MOBECACHUA JUHAMHUYECKON CHCTEMBI:

u3 nanutpsl «O6paboTka

12



3. Hactpoiika  mapamMeTpoB  MOJEIUPOBaHMS  OCYILECTBIIIETCS ~ 4YE€pe3  MEHIO
Mooenuposanue>Ycmanoexa. B yactHOCTH 3a1aJUM KOHEYHOE BpEMsI HHTErpUpOBaHUsl paBHbIM 10.

4. I'paduueckuii pe3ynbpTaT Mmomemaercs B OTAeNbHbIC rpadudeckne okHa. Yepe3 MeHIO
«IIpaBka» B HUX MO’KHO HACTPOUTB ITapaMETPbI OCEH, KPUBOU, OAIIUCHU U T.1.

- padmueckoe okno 20009

Dain  MHcTpyMeHTEl TMpaska  Chpasxa

30 4

25

20 o

= 15 4

3aganne

1. HccnenoBaTh TMHAMMKY Hpoliecca, ONUChIBaeMYIO AU(QepeHInaIbHbIM ypaBHEHUEM
TPETHEro MopsIKa.

13



JlabopaTtopHas pa6ora Ne 5. Moje/iMmpoBaHHUe aCUHXPOHHbIX IPOLECCOB C
HUCnoJib30BaHueM cetel [leTpu

Ceru Ilerpu UCHONB3YIOTCS /IS MOJACIMPOBAHUS ACHHXPOHHBIX CHCTEM, (DYHKIIHOHUPYIOIIUX
KaK COBOKYITHOCTh IMapajlie/IbHbIX B3aUMOJICHCTBYIOIIMX TpolieccoB. AHanu3 cereit [leTpu mo3Bossier
MOJYYMTh HHPOPMALIHIO O CTPYKTYPE U IUHAMHYECKOM MOBEICHUH MOJICIIUPYEMON CHCTEMBI.

Onucanue ceru [lerpu C=(P, T, I, O, Mo) npeamnosnaraer 3ajanne MHOXeCTB: P — mo3urwuii, T —
nepexozoB, | — Bxomammx ayr s nepexonos, O - ucxomammx Ayr u Mo - HadanbHON MapKHPOBKH
MO3UIIMH, ONIPECIISAIONICH KOJIMIECTBO METOK B HUX M(i).

Ananu3 cereii Ilerpu 3akioyaeTcs B HM3YYEHHH HX OCHOBHBIX CBOMCTB: 0€30MacHOCTH,
OrPaHUYECHHOCTH, COXPaHECHHH, aKTUBHOCTH, JOCTHKUMOCTH U TIOKPHIBAEMOCTH.

bezonacnocma

[Mosunus pieP ceru C=(P, T, I, O, Mo) siBisiercs 6e3omacHoi, eciiu m(pi) <1 as aro60it MeR(C,
Mo), rie R — MHO)ecTBO MapkupoBok cetu C, TOCTHKUMBIX U3 HadajabHOW MapkupoBkU Mo. CeThb
Iletpu Oe3zonacHa, eciu Ge30macHa Kaxkaas ee Mo3ULHsL.

Ozpanuqenuocmb

CoortserctBytouias no3unus spiuserca K-0ezonacHoii ninu K-orpannueHHOMH, €clii KOJIUYECTBO
METOK B HEM HE MOKET IPEBBICUTH Lies0e yncio K.

[Mozumwst pieP cetu C=(P, T, I, O, Mo) siBnsiercst K-6e3omacHoi, eciim m(pi)<K s Bcex MeR(C,
Mo).

[To3unus Ha3pIBaeTCsa OrpaHUUEHHOM, eciu oHa K-Oe3omacHa s Hekotoporo K.

Certs IleTpu orpannyeHa, eciu BCe €€ NO3ULUU OrPaHUYCHBI.

Coxpanenue

Cers [leTpu Ha3bIBaeTCS CTPOrO coxpansroiei, ecu 1 Bcex MeR(C, Mo)
2 m(pi) = X mo(pi)
pieP pieP
Cetp IleTpu m0/KHA COXpaHATH PECYPChl, KOTOphle oHa Mojenupyer. OpHaKo HE Bcerna
UMEETCsl OJTHO3HAYHOE COOTBETCTBHE MEKIY METKON M KOJIMYECTBOM MJIH YHCIIOM PECYPCOB.

Axmuenocmo (dcueocms)

Tynuk B cetu Iletpu — 310 mepexos (MM MHOKECTBO MEPEXOJ0B), KOTOPbIE HE MOT'YT OBITH
3amymieHsl. [lepexon Ha3bIBaeTCsl aKTUBHBIM, €CJIM OH HE 3a0JIOKUPOBAH, TO €CTh MOXKET OBbITh 3ayIIIEH.
CeTb aKTHBHA, €CIIU B HEHl BCera CyIlecTBYEeT XOTs Obl OMH aKTUBHBIN IEPEXo/]

ﬂocm UIICUMOCHLD U NOKPbBIEAEMOCHID

3amaya AOCTHMKMMOCTH 3aKJIKYaeTCs B ONPENEICHMM AJII MapKUPOBKH Mo BO3MOXXHOCTH
noctmxenus: MapkupoBku MeR(C, Mo) nyrem cpabaTbiBaHHSI HEKOTOPOTO KOJIHYECTBA MEPEXO/IOB.

3amaya mokpeiBaemMocTd: aisd cetu C ¢ HavanpHOM MapkupoBKOoM Mo M MapkupoBku M
OIPECINTh, CYNIECTBYET JIM Takas JocTrxuMas MapkupoBka M’ eR(C, Mo), uto M">M.

Jns  onMcaHus COBMECTHOW pabOThl MapauleIbHBIX MPOLECCOB PAacCMOTPUM OCHOBHBIE
KJIACCUYECKHE TUIIBI B3aUMOJEHCTBHUS U CHHXPOHHU3ALUH IPOLIECCOB.

3aoaua o 63aUMHOM UCKTIOYEHUU

JlaHHas 3amada BO3HUKAeT B YCIOBHSAX, KOTJA HECKOJBKO IPOIECCOB PA3JICISIFOT OOIIYIO
NEPCMCHHY1O. Kanc,umﬁ mponecCc MOKECT BHAYAJIC CYHUTATb 3HAUCHUC HCpCMCHHOﬁ, 3aTE€M BBIYUCIINTH
HOBOE 3HAUCHHE U 3aIKCaTh €0 Ha TO YK€ MECTO.

[Ipouecc 1 [Ipouecc 2
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Pucynok 1 — 3agaya o B3aMMHOM MCKITIOUEHUU

3adaua o npouzeooumene/nompedbumerie

B a0l 3agaue paznensieMbiM 00beKTOM siBIsieTcs Oydep. [Ipoiiecc mpon3BoauTENb MOPOKIAET
KOMITOHEHTY HH(popmanuu u pasmemaet ee B Oydep. [Iporecc moTpeduTens et moka KOMIOHEHTa
uHpopManuu pazmectutcs B Oydepe, mocie 3Toro OH MOXKET €€ yAaIuTh U3 Oydepa U UCIOIb30BATh.
Kak mpasuio ucnomns3yercs Oydep orpaHnd4eHHOH eMKOCTH, TO €CTh UMEETCSI BO3MOKHOCTh Pa3MECTHUTh
B HeM He Oosiee N KOMITIOHEHTOB JaHHBIX.

[TpousBoauTenb [ToTpeburens

Pucynok 2 — 3agaua o npou3BouTene/norpedurene

3aoaua 06 obedarougux myopeyax

Myapens! CHIAT 3a KPYTJbIM CTOJIOM M KXl U3 HUX MOXKET MpeObIBaTh B OJTHOM U3 JABYX
COCTOSIHMI: AymaeT win obenaet. Ha ctosne Omro1a KUTalicKON KyXHH, @ MEXAy MyJIpeliamMH JIEKHUT 10
OJIHOM mastouke. /[y mpreMa numy Myapen JOJKEH B3sITh MAJOYKY CI€Ba U NAJIOYKY crpaBa. B aTom
cllyyae coceu 00earollero Myapena MOTryT TOJIbKO JyMaTh M */JaTh, KOIZla OCBOOOMSATCS MaJOYKH,
4yT00bI NpUCTYNHTH K 00eay. Ha puc.3 cerbio [leTpu nmpeacraBieHo B3auMoIEHCTBHE TPeX MPOLECCOB

(Tpex MyzperoB), coctosiHus KoTopsix orpaxensl nosuumsiva O; u D;; (O, —o6enaer, D; — nymaer).

[Tosutmu [ MPEACTaBIAIOT MAIOYKH JUIS €/1bI (Pa3IENsieMbIe PECYPCHI).

Pucynok 3 — 3amaga 06 obenaromux Myapenax
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3aoaua o ymenuu/3anucu

PaccmarpuBaercst B3auMoJeicTBUE IPOLIECCOB JIBYX THUIIOB: IPOLECCHI YTEHHUS U IPOLECCHI
3anucu. Bee mporecchl COBMECTHO MCTIONB3YIOT 00U (haiil Ui epeMeHHYIO WM 3JIEMEHT JaHHBIX.
ITponieccel uTeHUs HE U3MEHAIOT 00BEKT, a MPOLECCH] 3aMCH U3MEHAI0T. [loaToMy npoleccsl 3anucu
JOJKHBI B3aUMHO MCKJIIOYaTh BCE JIPYTHMe IMPOLIECCHl YTEHUS M 3allMCH, B TO BPEMS KaK HECKOJIBKO
IPOLIECCOB UYTEHMsI MOTYT MMETh JOCTYI K Pa3lesseMbIM JaHHBIM OJAHOBpEeMeHHO. B3anmoneiicteue
IPOIIECCOB HEOOXOMMO OPTaHU30BBIBATH TAK, YTOOBI HE MOTJIa BO3HUKHYTH TYNHUKOBAas CUTYAIUs U
ObU1 00eCIIeYeH MEeXaHU3M B3aUMHOI'0 UCKJIFOUEHHSI CO CTOPOHBI IPOLIECCOB 3alUCH.

Pucynok 4 — 3amaya o ureHuun/3anucu

P—u N — onepauuu nao cemagpopamu

OpHMM M3 pacipOCTPAHEHHBIX MEXAaHU3MOB CHHXPOHHU3alUMU MpoleccoB sBisorca P - u V -
omepauu Haja cemadopamu. Cemadop — 5TO mepeMeHHas, KOTopas MOXKET NPUHUMATh TOJBKO
HEOTpHULATeNIbHbIE LieJIble 3HaueHUsl. V - olepalysl yBeIMUMBaeT 3HaUeHUE Ha eAMHULLY, a P-onepanus
YMEHBIIAET €ro Ha eauHMIly. P-omepaiusi MOXET BBIIOJHATHCA TOJBKO B TOM Cilydyae, Korja
MOJIyUEHHOE 3HayeHHe cemadopa OCTaeTcs HEoTpHUIaTeNbHbIM. TakuMm oOpa3oM, eciii 3HaueHue
cemadopa pasHo O, To P-omeparus 1omkHa ®AaTh, MOKa KAKOH-HUOYIb APYTOM MPOIECC HE BHITOIHUT
V -onepanuto. P- u V -onepanuu onpeaeneHsl Kak IPUMUTUBHbBIE, TO €CTh HUKAKas Apyras onepanus
HE MOXKET U3MEHSTh 3HaueHus ceMadopa OJHOBPEMEHHO C HUMHU.

*
P

V(s)

Pucynok 5—- P —wu V — onepanun Han cemadopamu

3aganue

1. C ucnonw3oBaHue mporpamMm Cpntools u tina mpoBecTH MOJETUPOBAHKME KIACCHYSCKUX 3a]ad
s cerei [lerpu. MccnenoBate BO3MOYXKHBIE CBOWCTBA CETEM.
2. Tlo BapmaHTaM WHANBUAYAIbHBIX 33/IaHUN U3YUYUTh OCHOBHBIE CBOMCTBA MpeEiaraéMbIX CeTel.

BapuanTsl 3a1aHui
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JlabopaTopHasi pa6oTa N2 6. MaTpu4yHble MeTOAbI aHa/Iu3a ceTel [leTpu

MaTpuuHBIii TOJX0J OCHOBBIBAETCS Ha IMPEACTABICHUHM CETH ABYMs Marpuriamu A" u A™,
MPECTABISIONIMMHI BXOHYIO U BBIXOAHYIO (DyHKIMH ceTh. Kaxkias MaTpuiia uMeeT M cTpokK (110 0THOM
Ha mepexo/1) v N cToJIONOB (110 OTHOMY Ha MO3UIHIO).

Omnpenenum A (j,)=K(Pi,1(t)), a A*(j,i)=K(Pi,O(t;)).

A" ompezensieT BXOIbI B iepexoibl, 4™ - BBIXOIbI. K — KpaTHOCTH TO3MIMH 10 BXO/IaM M BBIXOJIAM.

BBeém M — BekTOp-cTPOKY €(j), ColepiKally0 HYIH Be3/e, 3a HCKIFOUCHHEM j-if KOMIIOHCHTBI.
[Mepexon tj mpeacrasisieTcss M - BeKTopoM €(j).

Torna nepexon tj B MapkupoBke M paspeméH, eciau M>€(j)A", a pe3yabTar 3amycka nepexoja tj B
MapKUpOBKe M 3alHChIBACTCS KakK:

M )=M -e()) A"+ e(j) 4" =M+e()(- 4 +47) =M +e()],

rne A = A" - A" - cocraBHas Marpuia U3MEHEHUIA.
Torma st mocieo0BaTeIbHOCTH 3aIyCKOB nepexoqoB G = tji, tjp, ..., tik umeeM

OM,G) =0(M, tj1, ti2, ..., tix) =M +e(yd +e(j2)4 + ... te(yd =
=M+[e(1) +e(2) + ... te(/4d =M+ 1f(G)A

Bekrop f(G) = e(ji)+e(2) ..... +e(jx) Ha3pIBaeTCS BEKTOPOM 3allyCKa IMOCJICI0BATEIBHOCTH
tin.tj2, ..., ti. i-it aement Bekropa f(G), f(G)i - aT0 YKcO 3amycKoB Mepexo/a tj B mocae10BaTeIbHOCTH
tjs,tj2, ..., tik. BexTop 3amyckoB, ciaegoBaTENbHO, SBISIETCS BEKTOPOM C HEOTPUUATEIbHBIMH IIEIBIMHU
KOMITOHEHTaMHU.

PaccmotpuM 3amauy coxpaHeHus MpU BEKTOpE-CTOJOIE B3BemUBaHusl MeToK W, Bce N KOMITOHEHT
koToporo paBHbl 1. Eciiu Mo - HagansHas mapkupoBka, a M’ - mpou3BoabHas JOCTHKUMAas MAapKUPOBKa,
HeoOxoumo, uTo0sl MgW = M’W. Torna cymiecTByeT mociaeI0BaTeIbHOCTh 3ayCcKOB TiepexoioB G,
KoTopas mepeBoauT ceTh n3 Mo B M. [Toatomy

M’ = d(Mo,G) = Mo + f(G)4

CnenoBarenbHo, MW = MW = (Mo + f(G) 4) W = MW + f(G) AW, mnostomy
f(G)4W = 0.

[MockonbKy 3T0 H0KHO OBITH BepHO st Beex f(G), umeem AW = 0.

Ecnu Mexy METKOH M KOJIMYECTBOM pecypca CyLIECTBYeT HEOJHO3HAYHOe COOTBEeTCTBHE, TO W
MOJKET UMETh MOJIOKUTEIbHBIE, He00sA3aTEIbHO eAMHUYHBIE KOMIIOHEHTHI H

cerb Ilerpu sBisieTcs coXpaHSAMOLIEH TOrAa W TOJNBKO TOrJA, KOIJA CYIIECTBYET TaKoH
nonoxutenbHbIi BekTop W, uro AW = 0. 310 0becreunBaeT mpoCToi arOPUTM MPOBEPKU COXPAaHEHHUS,
a TakKe M03BOJISET MOJIy4aTh BEKTOp B3BemuBaHust W 11t COXpaHsIoIIen ceTu.

MarpuuHasi TEOpHsl SBISIETCS WHCTPYMEHTOM JUTSI PEHICHHUsST MPOOJIEMBI TOCTHRHUMOCTH. [lycTh
MapkupoBka M’ noctmxkuma u3 Mo, Torma cymecTByeT MOCIeI0BaTeIbHOCTh (BO3MOXHO ITyCTast)
3amyckoB mepexonoB G, koropas mpuBoauT u3 Mo k M’. Drto o3mawaer, uro f(G) sBasercs
HEOTPULIATENILHBIM IIEJTBIM PEIICHUEM CIIeIYIOIIEro MATPUYHOTO YPaBHEHUS JIJIs1 BEKTOP-CTPOKHU X:

M’ =Moo+ X4 1)

CnenoBarenbHo, ecnmu M’ nmoctwkuma u3 Mo, Torma ypaBHenue (1) mmeer perieHue B
HEOTPULIATENILHBIX LIENbIX; €CIIM YpaBHEHHE He uMeeT perieHus, toraa M’ Henoctmkuma uz Mo. [pu
ATOM KOMITOHEHTHI Xj COOTBETCTBYIOT KOJIMYECTBY CpadaThIBAaHHUH | -TO MEpexoja MpH ABUKESHUH OT

pazmetku Mo x M.

3aganue
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st BapuaHTOB 3aJaHUl W3 TpeAbIIeIIel J1abopaTopHOW pabOThI UCCIIEOBATH CBOMCTBA
COXPAHSIEMOCTH U TIOCTUKHUMOCTH.
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JlaGopaTtopHas pa6oTa Ne 7. UccineaoBanue ceteil IlleTpu Ha OCHOBe AepeBa
AOCTHXKUMOCTH

JlepeBo TOCTHXKMMOCTH TPEACTABISETCS MHOXXECTBOM COCTOSIHUU ceTu. BepmmHamu jaepeBa
SBJISIIOTCA MapkupoBku. KopeHb nepeBa — HavalbHash MapKUpoBKa. Jyru JiepeBa COOTBETCTBYIOT
HEKOTOpOMY cpabaTbiBaeMoMy mepexony. Hampumep, ans cetu

-
F

P t2 P

YCTBIPEC NICPBBIX YPOBHS ACPCBA NOCTHKUMOCTH UMCIOT BU L

r) (1,0,0)
t) / \’:
(1.1, 0) 0.1 1)

N
(1,2.0) 0.2.1) (0.0, 1)
VAVERS

(1.3.0)  (0.3.1) (0,1.1)

UtoObI n36€kaTh 6ECKOHEUHOTO pa3pacTaHus JepeBa €ro MPUBOAIT K KOHEYHOMY BHUIY HA OCHOBE
CIIEYIOIIETO AJITOPUTMA.

Kaxnast BepiimHa I iepeBa CBsI3bIBACTCS € pacliupeHHor MapkupoBkoit M(i). B aToit MapkupoBke
YHCII0 METOK B MO3HMIIMU MOKET OBbITh TMOO HEOTPULIATENBHBIM LIEJIbIM, TUO0 HEOTPaHUYEHHO pacTu U
0003HavYaTbCss CUMBOJIOM . Kakas BepimHa KI1acCUPUITUPYETCS KaK SPaHUuHAs VITA MEPMUHATbHAS
WU 0YOIUpYIowas WA 6HYMpPEHHSIs.

I'panuynvivu  SBISIOTCS BEPILIMHBI, KOTOpble HE OOpabOTaHBl AJITOPUTMOM. AJTOPUTM
MPEBPATUT MX B TEPMHUHAIBHEIE, TyOIUPYIOIINE, BHYTPESHHHE.

AJNTOpUTM HAUMHAET C HAa4YaJbHOW MapKUpOBKU Mo, IpUHUMas €€ B KayecTBe I'PaHMYHON
BEPIITUHBI.

[TycTh X — rpaHuYHast BEPILIMHA.

1. Ecnu B nepese nmeetcst apyrast BEpIIMHA y, HE SBIIIOIIASACS TPAaHUYHOW, U ¢ HEN CBsI3aHA
TaKxke MapkupoBka M(x)=M(y), TO BepIIMHA X — TyOIupyroLIasi.

2. Ecnu st mapkupoBku M(x) HU OJIMH U3 MIEPEXOJ0B HE pa3pelieH ajs Beex tjeT, To x —
TEpPMUHAJIbHAS BEpIIMHA.

3. Jlnst Besxoro mepexona tjel, paspemenHoro B M(x), HEOOXOIUMO CO371aTh HOBYIO
BEpIINHY Z AepeBa. MapkupoBka M(z) onpenensieTcs 11 Kaxaou nmo3unuu Pi crieayrommum oopa3om:

a) ecnu M(x)i=w, T0 M(z)i= w.
20



0) ecnu Ha MyTH OT KOPHEBOW BEPUIMHBI K X CYyIIECTBYeT BepmuHa y ¢ M(y)<AM(X), tj) u
M©»)i<dAM(X), tj)i, To M(z)i=w, - PyHKIHS CIIEAYIOMETO COCTOSHHUS.

B) B mpoTuBHOM citydae M(z)i=dAM(X), t))i,

Oynkius AM(X), tj) He onpenencHa, eciu tj He pa3pelieH B MmapkupoBke M(x). Eciu tj pasperieH,
o AM(X), t))=M(x), tne M’(x) — MapKUpOBKa, IOJIy4EHHAs1 ocje cpabaThiBanus tj. Jlyra, moMmedeHHast
tj, HarpaBJieHa OT BEPUIMHBI X K BepInHe Z. BepirHaa x nepeornpenensercss Kak BHYTPSHHSIS, BEPIIMHA
Z CTAaHOBUTCS IPAHUYHOMN.

4. Korna Bce BepumimHbl JepeBa — TepMHHANbHBIE, IYyOIMPYIOUIME WM BHYTPEHHUE,
QITOPUTM OCTAHABIIMBACTCS.

HJ’ISI Hamero nmpumMepa KOHEYHOC JCPEBO JOCTHKHUMOCTHU UMECT BU!:

(1,0,0)
(1, 0:0)/ \(OA,L 1)
0, o, 1)
3ananue

1. CdopmynupoBaTh 3aBUCUMOCTh OCHOBHBIX CBOMCTB ceTu lleTpu OT BHJa KOHEYHOTO JiepeBa
JOCTUKMMOCTH U TUIIA €r0 BEPIIUH.

2. HccnenoBarh cBOICTBa CeTH MO BapHaHTaM HWHAMBUAYaJIbHBIX 3aaHuil. CpaBHUTH C
pe3yabTaTaMH Mpeblyiei 1abopaTopHoil paboThI.
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JlaGopaTopHas pa6oTa N2 8. AHa/iu3 cetel IleTpu ¢ MCIIO/Ib30BaHUEM
MHBAapUAHTOB

Llens paboThl — poBecTH aHanu3 cetu [leTpu ¢ nucnonbp3zoBanuem P- u t- ”HBapuaHTOB.

[emouuncnennsiii BekTop-ctonbery Y = {Yi}, 1=1,2,...n, ABJISIOMIUINCS pPEUICHUEM JUHCHHOM
CHCTEMBI

AY =0, @)

rae A — MaTpuiia M3MCHEHUI pa3METKH CETH, Ha3bIBAeTCs P-ungapuanmom Win P-1KiioM.

P-unBapuaHT XapakTepu3yeT HEKOTOPOE CBOMCTBO PACIPEIEIICHUS METOK 110 TTO3UIIHSAM CETH.
YMmHuoxas ypaBHenue (1) Ha Y cripaBa, momyunm M Y=MoY=const — cBolicTBa ”HBApUAHTHOCTH

pacnpeesieHus METOK.

Ecnu Bce komMnoHeHTsI P-1iukiia HeoTpullaTenbHbl, €ro Ha3bIBalOT P-11enplo. monHas P-uens — 310
P-uiens, Bce KOMIIOHEHTBI KOTOPOM MOJI0KUTEIBHBI.

Certs I[leTpu unBapuanTHa, eciau ajs He€ cymiecTByeT noiHas P-uens. [lonnas P-niens Bktoyaer
B ce0s1 Bce mo3umun ceTr. JlokaspIBaeTcsl, 4TO uHgapuanmuas ceThb lleTpu ABISeTCS 02paHuyeHHOU.

[{enourcneHHbI BEKTOP-cTONOEI] X Ha3bIBaeTCs t-ungapuanmom, ecav OH SBISETCS pElICHHEM
JMHENHON CUCTEMBI allreOpandyecKkux ypaBHEHUI

ATX=0 3)

W3 ypaBHenus (1) npu BeimosHeHuun (3) cieayer, YTO MPU HEKOTOPOH HEHYJEBOU

IocJIeI0BaTeNbHOCTH X cpabaThIiBaHUI IEPEX00B CETh BO3BPAILAETCS K UCXOAHON MapKUPOBKE:
M’ = Mo,

TO €CTh CETh YCTOMYMBA.

Takum 00pa3oMm, eciii ceTh UMEET MOHYIO t-1IeMb (BCe AIEMEHThI BEKTOpa X no.10dcumenbHol), TO
OHA KMBa TPHU JIF000H HaYaTbHON MapKUPOBKE, MOCKONIBLKY B IeNU Mapkuposanuii o Mo 1o M = Mo
CpabaThIBalOT BCE MEPEXOIBI.

I[To ycToitunBOCTH MPOLIECCOB U 3HAYEHHIO {-WHBapHaHTa MOYKHO ONPEAEIUTh )KUBOCTb CETH: €CIH
CETb JKMBA U OTPaHUYEHA, TO OHA MHBApUAHTHA U yCTONYMBA.

3aganne

1. HUccnenoBaTh CBOICTBa XMBOCTHM W OTPAaHMYEHHOCTH CETH IO BapHaHTaM WHIWBUIYaJIbHBIX
3aJlaHuH.
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