NucTutyT HepTexumuu 1 katanu3a PAH
Jlaboparopusi MaTeMaTH4e€CKOM XMMHHU

bynaros Uinsayc Mapcenesuu

acnupant III -ro roga o0yuenust
10 HANIPABJIEHUIO
05.13.18 — MaremMaTn4eckoe MOAeJIMPOBAHME, YUCICHHbIE METOAbI M KOMILJIEKCHI IPOIPaMM

Maremarnyeckoe MOAECIUPOBAHUE U
OIITUMAJIBHOE YIIPABICHUE
KaTAJIMTUYECKUMU ITPOIIECCAMU B

YCIOBUIX HEONPEACIECHHOCTH.
”‘F‘H

ay4HbIC PYKOBOJAUTENH : 1.(.-M.H., mpodeccop Cnusak C.H.
' a.(¢p.-M.H., npodeccop Mycraduna C.A.

Vpa-2017



MeTtononorus UHTEPBAILHOTO aHAJIN3a B paMKaxX KJIACCUYECKOW MHTEPBAIbHOU apru(hMETUKH

a= [Q;E] = {xeng RS E}, ae/R (1)

ava— HUXHAA U BEPXHAA 'PAHUILLbI

mida = %(g + @) — cepeJMHa HHTEpBaIA

1 /—
rada = 5 (a = g) — pajguyc UHTepBaJa
(2)

wida = a — a — mMpuHa UHTEepBaJa
p(a, b) = max{|a - b|,|a— b}
+,eciua > 0 (3)

sgna = —ecma<0
He onpegesieH,ecnu 0 € a

a+b=[a+ba+b]

a—b=[a—b;a-b] @)

ab = [min{@, QE, ab, E}; max{@, QE, ab, EI;}]

2 _al=;7| npoes
> =a =3 npw

aShea>bva<b
cCdec>duc<d

(5)
aSc, bcSd >a*xb<cxd

(a+b)c+ac+bc a(lb+c)<Sab+ac

r(x) = [;nein;(x);l;lgxg(x)] (6)

[apwriit C.I1. KoneunoMepHsbiii nHTepBaibHbIi aHanu3. HoBocubupck XYZ 2012.



OcHoBHas TCOPCMA MHTCPBAJIBbHOI'O dHAJIN34d

< Yrepxaenue 1: Ilycts f(xq, X5, ..., X, )— panMoHadbHas (QYHKIMS BEIIECTBEHHBIX
apryMEHTOB X1, X3, ..., Xy W JUISI HEE onpeesi€H pe3yiabTaT f(xq, X3, ..., X, ) MOJCTAHOBKH
BMECTO apr'yMEHTOB HHTEPBAJIOB UX U3MEHECHUS X1, X3, ..., X, € IR 1 BBINIOJIHEHUS BCEX
JEWCTBUM HaJl HUMHU 10 MPaBUJiaM UHTEPBAJIbHONM aprudmeTuku. Toraa

{f{n B X1 € X1, Risiincura ) < B, , ..., X, ) (7)

T. €. f(xq, X2, ..., X;) COIEPKUT MHOXKECTBO 3HaUeHUN GpyHkumu f(x1, X7, ..., X, ) HA

(x1, X3, ..., X,). Eciiu Beipakenue st f(xq, Xy, ..., Xy ) COACPKUT HE OOJICE YEM 10 OTHOMY
BXOXKJICHUIO KaXKJION TIEPEMEHHOM B TIEPBOM CTEIIEHU, TO BMECTO BKIIFOUCHHS UMEET MECTO
TOYHOE PaBEHCTRBO.

[apwriit C.I1. KoneunoMepHbiii nHTepBaibHbIN aHanu3. HoBocubupck XYZ 2012.



Ilenp u 3aga4n UCcae10BaHUS

[enp paboThl: pa3paboTKa alTOPUTMOB PEIICHUS MIPSMOM 3a/1a4uM B YCIOBUSIX HEOMPEACIEHHOCTH
KMHETUYECKUX [TApaMETPOB MAaTEMATUUECKUX MOJIEIIEN XUMUYECKOM KUHETUKU Ha OCHOBE METOJIOB

HHTCPBAJIbBHOI'O aHAJIN3a.

3amaun ucciea0BaHusA

. pa3paboTKa aIrOpUTMOB MHTEPBAJIBHOIO PEIICHUS TPSAMOM 3a/1a4u XUMUYECKOW KUHETUKH B
YCIIOBUSIX HEOMPEACIEHHOCTH KHUHETUYECKUX JTaHHBIX;

2. CO3IaHHE€ MPOrPaMMHOI0 KOMILIEKCA, MO3BOJISIFOIIETO TPOBOAUTH BHIYUCIUTEIIHHBIC
HKCIEPUMEHTHI HA OCHOBE pa3pabOTaHHbBIX aJITOPUTMOB;

3. MCCIIENOBAaHUE YYBCTBUTEIHbHOCTHU PEHICHUS MPSAMOU 3aa4l XUMHUYECKON KUHETUKHU K

Bapualuyu KHHCTHYCCKUX IIapaMCTPOB.




[TocTaHOBKA NIPSIMOM KUHETUYECKOU 3aJ1a4U B YCIIOBUAX YACTUYHOM HEONPEAECIEHHOCTH
KUHETUYECKUX JaHHbIX

Maremarnueckasi MOJE/b

dx,
—L=fiexk, 6] ®)
ol
=] 77 9)
Yacmuunaa neonpeoenennocmap
Houck pewenus ¢ euoe
6 KUHEeMuU4eCcKux OaHHbIX
k = (k(l),k(z),..., k(m))T X = (x(l),x(z),...,x(”))T
5 .
k —[&’ij x = lxixiJ
m r m
j . Q .
e Zvi jO; w; == 1 = k; I—[ Cj‘it C 4; - KOHIICHTpAIlUs peareHTa A; B cTeneHu, paBHOU
j=1 y i=1 CTEXMOMETPUUECKOMY KOI(D(PHUIIUEHTY o; B
X, — KOHIICHTpPAaI1s1 [ —T'O KOMIIOHEHTA B MOJIBHBIX JOJISAX ypaBHeHI/II/I peaK[II/II/I
o= (x(l) e . x(”))T — BEKTOP KOHIICHTpAIMi BEHIECTB
2 X7 ey p p Vjj- CTEXMOMETPUYCCKIE KOIPDUIIMEHTBI BELIECTB

n — 4YUCJI0 BeueCTB, BCTYIIalIIUX B peaKI U0
(x)j- MMPpUBEACHHBLIC CKOPOCTHU, COOTBCTCTBYIOLIUC

k= (k",k?,....k'"™)" ~BeKTOp KHHETHUECKHX NAPAMETPOB | crajusM peaKIHH

m — 49YHUCJIO 3JIEMEHTAPHBIX CTaJlUHU PpEaKIIUH Tj-CKOpOCTI) j-Of/i SHGMCHTapHOﬁ peaKIuu

T’ — BpeMs pOTeKaH!s peaKL1y Co-HayabHasi CyMMapHasi KOHIIEHTpaLusl



[TocTpoeHue pemeHus npaMor KHHETUYECKOM 3a/1a4d METOAAMHU
MHTEPBAJIILHOIO aHAINA3a

£ N

HemnocpencTtBennass 3amMeHa B aJTOPUTME
YUCJICHHOTO METOAa BCeX apu(METHUECKHUX
omepanuii ¥ (yHKIWN HaJ BEIICCTBEHHBIMHU
YUCJIaMHU UX MHTEPBAJIbHBIMU aHajioramu (4),
npeoOpasyromue uHTepBasibl  Buga (1),

coJieprKalllie STH Yrciia /
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Henocrarok

1
dddekT Mypa™ — upe3mepHOe YBEINYEHUE
IIUPUHBl  MHTEPBAJIBHOTO  PEIICHUS  II0
CPaBHEHHIO C HICTUHHBIM

45 o™

[IpuMeHeHHE JBYCTOPOHHUX M HMHTEPBAJIBHBIX
METO/IOB pelieHus 3anayu Komm s cuctem
OOBIKHOBECHHBIX IU(depeHIaNbHbIX YPaBHECHUM:
- JIByCTOpOHHUI MeTOA?;

= MCTO}II)I, OCHOBAHHBIC Ha MaKOpaHTax

C.M.JIo3uHCcKOro U ap
~ |

/ Henocrarku: \

-3HAUUTEJIbHBIA 00bEM aHATUTUYECKHUX
BBIYHMCIICHUI U IpeoOpa30BaHMii;

- CJIO)KHOCThH MOIIArOBOM aJITOPUTMU3ALINH;
- HEOOXOMMOCTh B IPUBJICUCHUH
CHEIUAIM3UPOBAHHBIX «MHTEPBAIBbHBIX)

A 4

'

OMOIMOTEK, MAaTEMAaTUYECKUX MMAKETOB U JIp.

A

!

HeoOxonumocTh B pa3paboTKe MOAEPHU3UPOBAHHOTO HMHTEPBAJIBLHOIO METOJA, aJalTUPOBAHHOTO IS
pelieHus: TpsIMON 3aJjaull XUMUYECKOW KMHETHKH, COYETAIONIEro B cede yqo0CTBO alrOpUTMM3AINU U

KOMITBFOTEPHOMN pean3aluu.
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1Moore, R. E. Interval Analysis / R. E. Moore. — Englewood Cliffs: Prentice Hall, 1966. — 145 p.

2,Z[o(SpOHeu, b. C. Jisyctoponnue uncrnenabie metonsl / b. C. Jlo6poner, B. B. Illaiinypos. — HoBocudupck: Hayka, 1990. — 216 c.
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JlemoHcTparus 3pdexra Mypa

k4 ko (i,
A B ¢ ﬂ = —w; = —ky1y,
o dt
g klxl < dxo
wy, = Ky X, T w1 — wp = k11 — ko,
te[0; 5] dzs ;
x; = [1;1] T

xy=x3 = [0; 0]

ki = [0.2231;1.164], b, = [0.2369;1.236]. 1 (0) = 20, 1(0) = 2,
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EpeMd. 1. Bpend, 4.

Wi's 1,2 — pemenns gana A, C' cooTBeTCTEeHHO NIPH CPeHHX

SHa4YCeHHAX [TapaMeTpoB,

3.4 — apveroponnne orpannyenns pemenuii s A, C cooreercrsenno 6) 1 erenune Juia B npu
. - / r

CpeIHHX 3HAYeHHSAX NapaMeTpoB, 2 — JBYCTOPOHHHE OrpaHuYeHHs peinenuii pius B.



JIBYCTOPOHHHUW METO/T

/\

NU30TOHHOU AHTUTOHHOM

v=z2= f(y)= f{z)= (12) y=z=f()=f(z) 1A3)

3, 9= (14)
rae iy, 2) = /1y, 2. / (v, 2) = f:2)

1
x =f(t,xk),
ol F o
< x =f(t,x, k), -
x(0) = X,
LX(O) = ’x() o
Jlemma 1. ITycTh BBINOTHEHBI CAEIYIOIINE YCIIOBHS:
of i . - = -
ﬁz 0,i#j,i,j=1,n (16)
axj
ofi : )
sgna—::f = COTlSt,]:Wld(kj) +0, Vk ek, VxeEx (17)
1
Ho6ponet, b. C. MatepBanbHas marematuka: yued. nocodue / b. C. Jlobponen. — Kpacnosipck: Kpacnosip. roc. yH-T,
2004. — 216 c. 8



MareMarnyeckas MOJIeJIb PEAKIIMH MOJTy4YeHHUs (PTaJTCBOIO aHTHUIPHUIA

CxeMa XUMHYCCKUX HpeBpaHlCHI/Iﬁ IIpH MMOJIYUCHHUHU (1)T2U'I€BOI’O aHTUaApuaa u3 0603Ha‘I€HI/I€ KOMIIOHCHTOB B
Ha(i)TaHI/IHa KMHETUYECKON CXEME
b l A, - madranun (MCXOIHOE BEIECTBO)

r R CO s ) A, - HapToXMHOH
0y 3,504 i =t 3 4 i i (18)
_,.| ’ SLEETARE 0 -4_@0' | 0 3 - (TaneBplil aHTUAPU (LIEJIEBOM NPOIYKT)

S . -2C0q; =2H40 5 O/ QHC— 4 6" A, - yrnekucnslii ra3

| As - manenHOBBII AQHTHIPUT

* > (0=
Kunernueckas cxema Kunernueckas Marpuna cTeXuoMeTpUYECKUX
peakuu ypaBHEHHUS K03 UTITIESHTOB

A, 4,, o, = kx,

"3 —1 O 0
on e ©, = loly 1 o1 WP O
A, 45, (q9) o, Skaspo)p r=f 0 o 1 o0 1% -1
BT o, = k,x, R 0 1 0 %
4, o, Do GEel 0 0 o o
A, A. W5 = kex,

Inaynv, I1. A. K Bonmpocy pacuera onTuMaibHON TeMIepaTypHO MOCIeI0BaTeIbHOCTH PEAKTOPa H1€aJIbHOTO BEITECHEHHSI METOJIOM
nuHaMuueckoro nporpammupoBanus / [1. A. ITnayne, U. C. @yxkc // Tpyast 111 Beecoro3Hoit 128 koHbepeHITNN T0 XUMUUYECKUM PEaKkTopaM. —
HoBocubupck-Kues, 1970. — 9
Y.II. — C.244-246.



MaremMarndeckas MoOJiesib PEaKIMH MOJy4YeHUs (TaJeBOTO aHTHIpUIA

Maremarudeckast MOJCJIb pCaKIINHN

‘Zf = 1.t x,k), te|0;T] (21)

g i=15 (22)
Si@x, k) =—w —wy —w,=—kx, —kx —k,x,,

Lt x, k)y=w —w, —ws =kx, —k,x, —kx,,

Lt x, k) =wy, +w —w, =k x, + kox, —kgx,, (23)
f.@x, k) =w, +w, =k,x, + k,x,,

J5(t, x, k) AN
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[TocTpoeHue pemenus MpsIMON KHHETUYECKOW 3a/1a4 PEAKIIAM TTOJTYyYCHUS
(hTaaeBOro aHrUapUIa METOJIaAMUA MHTEPBAJILHOIO aHAJIN3a

=0,i=15 (24)

T =620K t€[0;0.6]u.

x =Lx

1

k =3.292, k,=0.637,
k,=1.847, k,=0497,  (25)
ky =2.797, k, =0.037.

11

k, =[3.19324;3.39076] &, =[0.61789;0.65611]

k, =[1.78577;1.89523] k. =[0.48209;0.51191]  (26)

ks =[2.71309;2.88091] &, =[0.03589;0.03811]
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N

= kyx,
x, = kyx, +kox, k%, (27)

Xy =ik, x SR .

[TocTpoeHue pemeHus NpsAMOr KHUHETUYECKOM 3a/1a4 PEAKIIUHU TTOJTYyYECHUS
(TajeBOro aHrUJapHIa METOJIAMH MHTEPBAJIBHOIO aHAJIN3a

—k,x,

= kgx,

S, — ok

K, Xy — ksxz )

MapameTpbl, no MapameTpbl, no
KOTOPbIM  BbIMOSIHEHO | KOTOPbIM  BbIMOSHEHO
yCrnoBue N30TOHHOCTU yCcrioBme aHTUTOHHOCTU

Vi s kVk; k)
Ll koK kK ky ks
R k-, L, k. ke

T i, k. y

f5 kl kz k3 k4 ks k6 "

Tabnuua 1. BeimonHenue ycnoBuii MOHOTOHHOCTH O NTapaMeTpaM MpH peIeHUH MPsIMOH 3a1auu
JBYCTOPOHHMM METOJIOM JJISl peaKUH MMOoJy4eHHs (PTaneBoro aHruapuaa

X, = kyx, _k_zxz _k_sxza

(28) . = (29)

< X3 =tk + k. x, —l&x3,

SRl &, X,

= k¢ x;,
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Pe?;y.HbTaTbI BBIYHUCJIUTCIIbHOI'O SKCIICPUMEHTA PCAKIIUHN ITOJTYICHUA (I)TEUIGBOFO aHIruapuaa

1 ki = k| = [k; = Akji ks + 2k;] (30)
0.9 - A, - nadranun /1=003] = 1,6
0.8 -
0.7 - A; - pranesviii anruzpun KoHueHTpauum BeLLecTB Ha BbIXO4E,
SR nexatume B npegenax cpeaHemn

OTHOCUTESTbHOW NnorpeLHoCTn oT
peweHnd, COOTBETCTBYOLLIENO
cpeaHnM 3Ha4YeHNAaAM rnapameTpoB

0.5 -

0.4 4

0.3 -

0.2 4 . 5(141):11,01%
i 5(4,)=11,39%

0 T rrrrTr T rrrrrrrTrrrrrrrrrmrrrrmeT

Q'_\ QP-\ Q’_\ Q(.’/ Qf_’/ Q(_b Qn? Q(.b Q?‘ Q?‘ Q?( ()?J (3(-0 Q?D 0(9 5(143) = 8,1 6%

KOHLeHTP aUMA, U0 NbHbIe A0NH

Q 9O

BpeMs, 4.
— 0
5(A,) =8,07%
Puc 1. Pemenue npsimoil HHTEPBAIBLHON 3a/1a4 [UI PEaKLUU TOTYYEHUS

(raneBoro aHruaApUIA. 5 ( AS ) — 9,9 2%
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PCSYJIBT&TBI BBIYHUCIIMTCIIBHOT'O 3KCIICPUMCHTA PCAKIIHUHN ITOJTYHYCHUA CI)TaJIeBOI‘O AHI'UaApuIa

KOHUEHTPaUMs, Uonb Hble J0NH

0.009 A

0.008

0.007 A

0.006 -

0.005 A

0.004

0.003

0.002 A

0.001

As - manenHOBBII AHTUIPUL

QT QT O Q Q Q- Q% Q{o 09‘) Q(o QQD
BpeMs, 4.

QQQQ\Q‘LQ‘LQ‘LQ‘L%“)":

KOHUEHTPALHS, UoNbHbIe A0NH

A, - nadproxunon

KOHUEHTP LA, U0 NbHbIe A0NH

0.1 4

0.08 A

0.06 4

0.04 4

0.02 4

0

S O ~ Vv

A, - yrnexuciblii raz

T T T T T T T T T T T I T T T T I T T T T T

- Q Q - Qq’ 2 %Q%Q

EpemMs, 4.

T T I T T T T I T T T T T I v i T T oy TTTT

Q Q Q‘o "0 °> Q@

Puc 2. Pemienue npsiMoit THTEpBAJIILHOM 3aJ1a4i JIsl peaKIuu oTydYeHus (PTajeBoro aHruapu/Ia.
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BEIBOJIBI:

Pa3paboTaH aJiIropuT™ MHTEPBAIIBHOTO PEUICHUS NIPAMOM 3aa4d XUMUYECKOM
KUHETUKHU B YCJIOBUSIX HEONPEAECIEHHOCTH KUHETUYECKUX JTaHHBIX, OCHOBAHHBIN Ha
METOJIaX NMHTEPBAJIBHOTO aHaJIN3a, aIATUPOBAHHBIN K PEIICHUIO 33/1a4 XUMUYECKOU
KUHETHUKHU.

Ha ocHoBe pa3zpaboTaHHOTO aJropyuTMa CO3/JaHO0 MPOrpaMMHOE 00ECTICUCHHE,
MTO3BOJISIONICE PEIIaTh MPSIMYIO 3aJ1a9y XUMUYECKON KMHETUKH

C nomoIipio pazpadoTaHHOTO IPOrPaMMHOI0 00eCIIeUeHHUS IIPOBEICH
BBIYMCIUTEIBHBINA SKCTICPUMEHT [0 HHTEPBATHLHOMY PCIICHHUIO IMPSIMOM
KHHETUYECKON 3a7a41 B YCIOBHSIX HEOMNPEICICHHOCTH KHHETHUSCKUX JaHHBIX Ha
IIpUMEPE PeaKIUK MOJydeHHs (DTajIeBOro aHTUIPUIA
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[Tybnukaumnm

1) «Maremarnueckoe MOJICIMPOBAHKE MTPOIIECCOB U CHCTEM», V BCEPOCCHUICKas HAyYHO-
npaktuueckas koHpepenuus, Crepauramakckuil puiauan @I'BOY BO «bamkupckuii
rOCYJIapCTBEHHbBI YHUBEPCUTET

IocTpoeHne MaTeMaTH4eCKO MOeJIH Mpolecca mojaydeHusi GrajieBoro aHruapuIa
MeTOJaMHi MHTEPBAJbHOI0 aHAJIN3A

2) «VIHHOBAIIMOHHBIC TEXHOJOTHH B MPOMBIIIUICHHOCTH: 00pa30BaHKE, HayKa U
MIPOU3BOJICTBOY», BCEPOCCUMCKAsI HAYYHO- TpaKTHUUeCcKask KOH(EPEHIUS ¢ MEXAYHAPOIHBIM

ydyactueMm, «Y QUMCKUM rocy1apCTBEHHbIN HEPTAHONW TEXHUUECKUI YHUBEPCUTETY» uinal
OI'bOY BO YI'HTY B r. Crepiutamak

KoMnbloTepHoe Moe/inpoBaHue Mpoiecca nmoaydenusi GrajaeBoro aHruapuaa
MOJIEPHU3UPOBAHHBIM IBYCTOPOHHHMM METO10M

Kannunarckue nxk3aMeHbl

1) ®uznueckas Xumus (XOpoIio)
2) MaremaTuyecKoe MOJICIMPOBAHUE, YUCIIEHHBIE METOAbI M KOMILIEKCHI TPOrpaMm(OTINYHO)
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