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IIpequcioBue

Hacrosmmuit coopauk crareit mpomomkaer cepuio pabor MucTury-
Ta NPUKJIAIHBIX MaTeMaTHdecKuX uccienoBanuii Kapeabckoro naydHoro
uenrpa PAH.

B paborax, CBSI3aHHBIX C MATEMATUIECKUM MOJEIUPOBAHUEM, TPE-
CTaBJICHBI TPAJUIIMOHHBIE HANPABJIEHWS, XapaKTEpHbIE [JIsi WHCTUTYTA,
KOMOWHATOPHBIE METOIbI NCCIIEIOBAHNS CIy9ailHbIX rpacdOB U 0TOOpaXKe-
HUM, HCCIe0BaHie KPAEBbIX 334 MaTeMaTuIeCKOl (hpU3UKY, HaWTy dlie-
I'0 BbIOOpA U TEOPETHKO-UIPOBbIE 3a/1a4H.

B pazzene ndopmaTnka mpeacTaBIeHbl HCCISTOBAHNIS TTO BeOOMETPH-
Ke, ONTUMU3AINN BHIYUCIUTEIBHBIX PECYPCOB, UCKPETHON OMTUMU3AINN
U TIPAKTUYECKUE PE3YJIbTaThl Pa3BUTHsT WH(MOPMAIHOHHBIX PECYPCOB.

Yacrh crareit cOopHuKa ObLTA MpeacTaBIeHa B BHAE JOKIam0B Ha VII
ITerpozasoackom Mexnyuapogaom Cummnosuyme "BepositHocTable MeTO-
abl B guckperdoit maremaruke" u III Beepoccuiickoil mikose MoJiogpix
yuenbix "Maremaruueckue Merombl B dkojgoruu", cocrossinuxcs B Iler-
po3aBozcke 1-7 monst u 24-29 asrycra 2008 r. IIposesenne Cumnosnyma
66110 noaepxkano rpaarom PODU (08-01-06025r), nposeenue IIkosb
— rpanrom POOU (08-01-06020r) u rpanrom Cosera PAH no nporpamme
"Tlonuepkka MOIOAbIX yueHblX" (HpOBeJeHME HAYYHBIX LIKOJI JJIs MOJIO-
JIBIX YUEHBIX ).

HupexTop UHCTHTYTA TPUKIATHBIX
MaTeMaTUIeCKUX MUCCAeTOBAHMIA,
a.d.-M.H., Tpod. B.B.Mazamnos
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VK 519.2

O MPEJAEJIBHOM IMTOBEJEHUN MAKCUMAJIBHOTO
OB'BEMA NJEPEBA B CJIVJAVMHOM HEIIOMEYEHHOM
HEKOPHEBOM JIECE

E. C. BEPHUKOBUY

s ciygaitmoro jieca, cocrosmiero n3 N HEKOPHEBBIX Jepe-
BbEB U N HEMOMEUYEHHBLIX BEPIIWH, HANJEHO TpereabHOE pac-
npeie/ieHre MaKCUMAaJIbHOTO 00beMa IepeBa IPHU CTPEMJIICHIH
N u n K 6eCKOHEYHOCTH B IEHTPAJILHON 30HE U3MEHEHUs ITUX
mapaMeTpOB.

IIycts FN,, — MHOXKeCTBO HEKOPHEBBLIX HEIIOMEUEHHBIX JIECOB, COCTOMA-
umx u3 N JepeBbeB, YIOPSAI09eHHbIX OOHUM U3 N! BO3MOXKHBIX CIIOCO0O0B,
U N BepluuH. 3aJ31uM Ha 3TOM O0ObeKTe PAaBHOMEPHOE PACIpEIeIeHIe Be-
posiTHOCTEH. /s TaKMX CaydadHbIx jgecoB mpu N,n — 0O M3yUeHO Mpe-
JIeJTbHOE pachpeesieHne MaKCUMaIbHOTO oObema gaepesBa. 1loa oObemom
JepeBa B jiece u3 F , OymeM NOHUMATh YUCIO BCEX BEPIIUH, CONEPIKa-
LIUXCS B 3TOM JepesBe. AHajormyHas 3a7a4a JJisl KOPHEBLIX HEIOMedeH-
HbBIX JIeCOB peuiena B [1].

Bajaua nepeducienus Jepesbes usydasacs B [2]. Beogurcs npousso-
asamas GyHKIms

t(x) = Zthk, (1)
k=1

rae tp — 9HCIO HeIOMEYeHHBIX JIepeBbeB o0beMa k.
B [2] paccmarpuBasiuch cBoiicTBa 1ot (byHKUMM 1 ObLIO IIOKA3AHO,
q9T0
t(x) = o + 22 + 23 + 227 + 32° + 625 + 1127 + ... (2)
¥ Paguyc CXOMUMOCTH dTOro psima R = 0.3383219...
Kpowme roro, cornacuo 2], dynkuuio ¢(x) MOXKHO UPEJACTABUTH B BU/E

t(x) =ap—a1(R—x)+ az(R — x)3/2 +as(R—2)° + .., (3)

© E. C. Bepuukosuwu, 2008



12 E. C. BepaukoBud

rae ap = t(R) = 0.5628769..., a; = t'(R) = 3.4127749..., ay = 6.4243753...
N3BectrHO Takke, 9TO mpu k — 00

th=a (Rkkw)*l o ((Rkk7/2)1) : (4)

e o = (3ag/4y/7) R?/? = 0.5349485...

Beenem ciayvaiinbie BEJIWYWHBL 7)1, ..., 7N, PABHbIE 00bEMaM JI€PEBHEB
qgeca m3 Fy, ¢ HoMepamn 1,...,N coorsercrBenno. llycts &1,..., N —
HE3aBUCHUMbIE OJWHAKOBO DpacCIIpeJeIeHHbIe IeJTOYNCICHHbIE cnyqai/’leIe
BE€JIMYXUHDbI TaAKHUE, 9YTO

tiAF
pr=P{&=k}=_", 0<AZR (5)
tO\)
JIerko mpoBepuTh, UTO &1, ..., N OMPEIETSIIOT COBMECTHOE PACTpEIeTIeHe
M, ..., N TaKUX, 9YTO 7)1 + ... + )y = N, C HOMOIILIO COOTHOIIECHUSI:

P{m =ki,...nn =kn} =P{& =k1,....&n = kn|&1+...+En =0t (6)

9T0 PABEHCTBO 03HAYAET, UTO JIJIs ABYX CJIY4YalHbIX HAOOPOB BEJUYUH
(M, -;nn) 1 (€1, ..., €N) BBIIOJIHEHBI YCIOBUs OOOOIIEHHON CXEMbI pa3Me-
uienus [3].

OGosHaunm 1epes 7)) MaKCUMaJbHBIH 00beM Jepesa:

) = maxn;, 1=1,...,N.
3

[IycTs \ siByIsieTCs pelieHueM ypaBHEHUS
() 7

= —. 7

t(\) N (™)

IMonmoxum L = a1 R/ag = 2.0512772... HerpyaHO MPOBEPUTH, YTO MPU

1 < C; € n/N < Cy < L ypasuenue (7) uMeeT eIUHCTBEHHOE DEIICHUE.
Crnpasesyinsa ciiefiyiomas TeopeMa O IpeebHOM TIOBEICHUH 1)(N) -

Teopema. IIycmv N,n — oo max, wmo 1 < Cy < n/N < Cy < L, ar

6’bL6paH0 us3 Ycaoeusn
Na A\
— | = —
752t \ R i

2de v — HeKoOMOpas MNoAOHCUMEALHAA NocmoanHas. Tozda das 1106020
Purcuposanmozo k = 0,+1,+2, ...

A\ R A\ L
P{n(N)ST—l—k}—uaxp{—’y(R) (1—R> }



O mpenebHOM MOBEJEHHH MAKCHMAJIBHOTO 00bEMa, JePEBa 13

Huxke mpuBomsaTcs BCOMOTaTeNbHBIE yTBEpXKIeHus (qemmbl 1-3), ¢
TIOMOIIBIO KOTOPBIX JOKA3bIBAETCA TeOpeMa.
IIycrs 7 — mesoe HeoTpHUIATETHHOE YUCT0. BBeeM He3aBuCuMbIE BCITO-

. T
MOTaTeJIbHbIE CIydaliHble BEJIUIUHbBI fz( ), pacupeznesieHns KOTOPBIX 33~
IOTCsT CJIEIYIOIIM 0OpPa30M:

P =k} =P{& =kl& <7}, i=1,.,N. (8)
ITomoxkum
(v =&+ .+, z(\?) = 5@ + .. +£](\;‘)7 P.=P{& >}

Xoporo u3BecTHO [3], UTO CieayIolnee yTBEPKIEHHUE SBISETCS CIe-
cTBEEM cooTHOmeHus (6).

Jlemma 1. Cnpasedauso pasencmeo
P (r) —
~P{Cy n}
P{(n =n}

JlemMa 2. Ecau 6bnoAHEHb YCAOBUA MEOPEMBL, MO NPU A000M PUKCU-
posannom k = 0,£1,+2, ...

P{inwy <r}=010-"0)

NP.yp — y(\/R)* (1 - N/R)7L.

JIOKABATEJLCTBO. Ouesuano, 4T0

oo

NP, = NP{& :T}Z
s=1

P{¢&,=r+k+s}
P{&=rp

Herpyamo Buzers, aro r — 00, mosromy u3 (4) u (5) ciaenyer

. k+s k+s
P{glp{g:i:;r s} _ tr+k-;j)‘ " _ <)‘) (14+0(s/r)),

R
U3 s1ux coornomenwuii u (7) ciaepyer yreep:KaeHue JEMMbL 2.

O6oznatum m = E&;, 02 =D& . Uz (5) u (7) nonydaem

DA n L, AN
oy N 7 T Ty

m +m +m?. (9)
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O60snamm Takke m, = E€", 02 = D¢ 13 (5) u (8) sorrexator
CJIeIYOIINEe COOTHOIIEHMS:

o0 o0
m— > kpg o2+m?— Y kp
k=r+1 2 k=r+1 2
r — —, = — - 10
mn 1- P ? 1- P, m (10)

N3 pesyawraTor pabor [1,4] HeTPyIHO JOKA3aTh CIEAYIOIIEE yTBEP-
JKIIEHHE.

Jlemma 3. ITycmv N — oo u 0 < Cy < A < Cy < R. Tozda

oVNP{(y =n} - = exp{—(n_mN)Q} — 0

2 202N
r 1 n—mT.N 2
ar\/NP{CJ(V) =n}— mexp{—(mjw)} -0

DABHOMEPHO OMHOCUMEADHO UEAVT NOAOAHCUMEADHUT T MAKUT, MO
(n—=m;N)/o,V N aesrcum 6 41060m GUKCUPOBAHHOM KOHEUHOM UHINED-
8ae.

Tenepb MOKHO nepeiiTu K goKazarenbery reopembl. 113 (7) nerpyuno
nmosryunTh HepaBeHcTBa 1 < C < A < Oy < R.
Ucnons3sys (9), (10), serko oGHAPYKUTb, YTO

(n—m,N)*/(a7N) = O(r*/N),

a BbIOOD 7 obecrneunBaer BbinoaHenue coornomenus 12 /N — 0. [lostomy,
npunuMas Bo suumanue (10), u3 jgeMmbl 3 1OIydYaeM, 4To

Plcy =n}
P{Cn =n} .

Orcrona u u3 nemum 1, 2 caeayer yTBEp:KIEHUE TEOPEMBI.
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OIIPEAEJIEHWUE ITAPAMETPOB MOAEJIN
BOAJOPOAOOITPOHNIIAEMOCTN

FO.B. 3aukA, E.II. BOPMATOBA

PaccmarpuBaercs obpaTHas 3a1a49a HapaMeTPUIeCcKON MIeH-
TuduKauy HeJTMHERHON MO/Ie/IH BOLOPOIONPOHUIaeMocTy. B
3aBUCUMOCTH OT 00BbEMa IKCIEPUMEHTAIHLHON HHOOpMAIMHT
Npe/yIO’KeHAa METOAWKA OIEHKM IIapaMeTpOB IIePeHOCA: Je-
copbuuu u auddy3un.

BBeaeHue. dKCepUMEHTAIBHBII METO, TPOHUIIAEMOCTH SABJISETCs KIIac-
CHYECKUM ¥ NOAPOOHO u3J102KeH, HanpumMep, B [1,2]. Bmecre ¢ Tem umeercs
OIIpEJIeJIEHHBIN Pa30pOC B ONEHKAX 3HAYEHUIT mapaMeTpos mozesieii. OqHa
73 OCHOBHBIX MPWYWH: KAK U3BECTHO, OOPATHBIE 33a9U MATEMATHIECKOM
bU3UKY XapaKTePU3yIOTCS BBHICOKOM IYBCTBUTEIHHOCTHIO K IKCIIEPUMEH-
TAJIBHBIM WM BBIYUCIUTEIbHBIM HOrPerHocTsiM. Kpome Toro, Tpaaunuon-
HBIH «MeTOJ|, IOJIOHKH» ODBIYHO HE TapaHTUPYyeT eAMHCTBEHHOCTH HAO0pa
[1apaMeTPOB, YOBJIETBOPUTEIbHO AIIIPOKCUMUPYIOMIUX SKCIIEPUMEHTAIb-
HbIE KPUBBIE TPOHUIAEMOCTH. [109TOMY, BO-TIEPBBIX, HEOOXOIUMO OTIPE/Ie-
JUTHh 00bEM JAHHBIX, JOCTATOUHBIN JJIs OJHO3HATHON MapaMeTpUIecKOit
uaeHTrUKAINT MOe . BO-BTOPBIX, aJrOpUTM OIEHKH TAPAMETPOB J0JI-
2KeH ObITb KOPPEKTHLIM (B 4aCTHOCTH, He cojepxKaliumM onepauuu audde-
PEHLMPOBAHMS 3ALLYMJIEHHBIX M3MEPEHUil).

Bynem opuenTHpOBATHCSA HA CAEAYIONINI BapUAHT IKCIIepuMeHTa. MeMm-
Opana TOJMIIUHDI £ U3 UCCIIEAYEMOro MaTepuaJia (MeTajia ujin CIijiaBa) sB-
JISIETCsT TIEPETOPOIKOI BaKyyMHOM Kamepsl. [lpu dbukcupoBanuoit Teme-
parype obpasma ¢ BXOJHO# CTOPOHBI CKAYKOOOPA3HO CO3/1A€TCH JIABJIEHUE
Po = const MosieKyJapHOro Bomopoga. C BBIXOAHOW CTOPOHBL IIPOU3BO-
JUTCA BAKyyMHUPOBAHUE U € IIOMOIIBIO MAaCC-CIIEKTPOMETPA OLIpe/IedeTCs

© 10.B. Bamka, E.II. Bopmarosa, 2008



16 IO. B. Bauka, E. II. BopmaroBa

BbIXOHOH necopbuuonnbiii norok J = J(t), t — spemsi. Iloroku noxpasy-
MEBaeM OTHECEHHBIMH K €IMHHUIIE IIOMAH, T. €. P€4b HIET O LJIOTHOCTIX.
Ha camom jejie uamepsieTcs JaBjI€HUE Ha BBIXOJE:

pe(t) = 91/0 exp{(1 = 1)05 ' }J (1) dr, J(t) = [De(t) + pe(t)f5 167",

rjie 0; — XapaKTePUCTUKY BAKYyMHOI ycTaHoBKU. Boraucnenue J 1o py —
obparHas 3a/1a4a, Ha KOTOPOH He ocraHaBiuBaeMmcs (cM., Hanpumep, [3]).
Ilo moctmxkennn cranmonapa J(t) ~ J = const, t > t., Ha BXOZIE pe3-
KO YBeJIMUMBACM JABJICHUE JI0 3HAYCHUS Py > Po U JOKUIAEMCH MOCTIe-
JIYIOIIErO yCTAHOBJIEHUS mecopOmmu npu t > t* > t,. Takoit Bapumant
OpeANoYTUTE/IbHEE JIBYX KJIACCHYECKUX IKCIIEPUMEHTOB, MOCKOJIBKY HET
HEOOXOJUMOCTH B TIOBTOPHO Jlera3anuu o0pasiia U «CTapT» BTOPOTO dTa-
[a MPOUCXOJUT HE € HYJIEBOIO HAYAJIBHOIO PACHPEIESICHUs ATOMAPHOIO
BOJOPOJA B IIJIACTUHE, & C IPEALIECTBYIOLIEr0 crauuonapa (pasnoobpasue
noBbiaer HHGOPMATUBHOCTD). BBIX0 HA CTAIMOHAD HOCUT ACUMIITOTH-
qeckuii xapakrep. Ho t, u t* He ciemyer BoIOMpATh CAUIITKOM OOJIBIINMH,
4TOOBI EPEXOTHBIE MPOILECCHl «HE TIOTEPSAIUCHY HA (HOHE CTAIMOHAPHBIX.

3aBUCUMOCTD TAPAMETPOB BOJOPO/IONPOHUIIAEMOCTH OT TEMIIEPATYPbI
T cuuntaem appennycosckoit. Hampumep, mis koaddunmenra muddysun
D = Dy exp{—Ep/[RT]}. Teoperndecku 10CTATOYHO ABYX 3HAYEHUII [IpU
PA3JINYHBIX TEMIEPATyPax JJIs ONpeIeeHNs MPEIIKCIIOHEHThI U SHEPTUN
akTuBanuu. [Ipu HEOOXOIUMOCTH JIOTYCTUMbBI IPYTHE 3aBUCUMOCTH OT 1.
Hapyienust u konuenrpauuu ¢(t, ) paCrBOPEHHOIO BOAOPOJA CUUTAEM OT-
HocuresbHo MasbiMu: D # D(c).

Mogeas. Paccmorpum Bapuant ¢ o6bemuoii pgecopbuueit [1]:

Oc 8%c

E - Da$27 (t,iE) € (Oat*) X (076)7 C(O,CB) - 07 T € [076]7 (1)
Oc . Oc

P = pspo, P —bcg(t) = —D% o’ bef (t) = —D% oy (2)

co(t) = ¢(t,0), co(t) = c(t,£). Buecb p — Kunermueckuii Koahhum-
eHT, s — Ko3(d dunuenT npunnnanus, b — koaddunuent gecopbinn. Ba-
KYyMHasl CACTEMa HACTOJBKO MOIIHAs, IYTOOLI IpeHedpeds pecopOrmeii:
pspe = 0. Ilo usmepenusm ussecrna dbyukuua J = Ji(t) = bci(t).
Jns Broporo srama sKkcrnepuMeHTa (t € [t.,t*]) HauazbHOE pacmpesese-
nue c(t,,r) — cramuonap, a Py 3aMeHsdeM HA P .
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Bausnue degpexmos. Bmecro ypapienust nudys3uu uMeeM CUCTEMY:

Oc ¢

E:Dw—alc‘*-agw, E:alc—agw.
Baech w = w(t, ) — KOHUEHTPAaLMs ATOMOB BOAOPOJAA B JIOBYLIKAX (B
9ACTHOCTH, B MHUKDONOpPax), a; — Ko03GbdUIMeHTsl 00paTuMoro 3axsa-

ta. Ilpu HEOOXOAMMOCTH MOYKHO OIPAHUYUTH €MKOCTh JIOBYIIEK: A1¢ —
a1c[l — w/wpax]. Takas rpybast MOLEsb MOXKET JIMILL OTBETUTH HA BO-
IIPOC «CKOJIBKO 3aJ€PKUBAETCA» BOAOpoia. s IpakTHYecKux Uesei
9TOr0 4acTo J0CTaTO4HO. KpuBble NPOHUIAEMOCTH UMEIT CTaHIAPTHBINA
S-00pa3HbIii BHI KPHUBOM HACHIIMICHWS. 3HAYCHHS @; HE BIUAIOT HA Be-
JMYEHY CTAIMOHAPHOrO MoToKa mecopbmmu J. Ilpm a; > 0 rpaduk J(t)
CHavaJIa HECKOJILKO porubaercs (MaeT HaKoILIeHue B AedekTax), a 3areM
CTaHOBUTCs 0OJiee BBILYKJIbIM BBepX. Tak 4To eciu yAaJjioCh COBMECTUTD
MOJEJIbHBIl U SKCIEPUMEHTAIbHBI ypPOBEHD .J, TO, KOLJA XapaKTEPHOEe
Biustaue 1eEKTOB 3aMETHO, @; HETPYIHO MOA00paTh ducjieHHo. TeopeTu-
yeckuil yuer a; > 0 IPUBOAUT K 3HAYUTEIHLHOMY YCIOKHEHUIO TEXHUYE-
CKUX BBIKJII0K.

Pemenne nipsamoit 3aaun. KpaTko ocTaHOBUMCS HA YUCIEHHOM DeTIie-
HUU KPaeBo# 3a1a4un. ['paHndHble U HAYAJIHHOE YCIOBUS HE COTJIACOBAHDI
B KJIACCUYECKOM CMBICTIE. 1103TOMY, CTPOrO rOBOpS, peIlleHre TOHNMAETCS
B paMKax Teopuu OOOOIIEHHBIX pemrenuii. BHadasme BXomgHAas CTOPOHA HC-
HBITBIBAET YAAPHYIO HATPY3KY U3-3a CKAdKa JaBjeHus. I paduk BXOIHOTO
noroka Fo(t) = —De,(t,0) uMeer BU BCILJIECKa € NOCIELYIOIMAM 3aTy-
XaHWeM 10 cTamuoHapa J. B cBaA3wm ¢ 3TuM (M HEIWHEHHOCTHIO 3a,Ta¢n)
CXeMa, BBIYUCJICHUH HOCUT HESIBHBIN M UTepAIMOHHBIN XapakTep. [Ipu unc-
JIEHHOM MOJIEJIMPOBAHUE YKECTKOCTb 3aJa9l OHUKAJIACH: MOJEJIUPOBA-
J10Ch BbIcTpOE (JIMHEHHOE U B IPe/IesIaX HECKOJIbKUX CEKYH/I) YCTAHOBJIEHHE
po(t) 1o ypoBus fo. Bo-nepsbix, 310 COOTBETCTBYET PeasusiM SKCIEPUMEH-
Ta. Bo-BTOPBIX, M03BOJIsAET CraauTh 3G dEKT §-PyHKIMA: TEOPETUICCKIH
HAYaJIbHBIN BCIlecK Fy MOXKeT BHECTH OOJIBIIYI0 MHTETPAJIBHYIO COCTAB-
JISITONIYI0, HE XapAaKTEPHYIO I PEAJIbHOIO MaTepraja ¢ OrPAHUYEHHOM
pomycKHO#t crocobrnocThio. IloaToMy TakzKe ciemyer «cpe3arby muk Fy
dbusuvecku pounycrumpivm Makcumymom (< P), 410 B MOzesu yckopsier u
ycraHnoBjienue c¢o(t) — ¢o. Ilomyepkuem, uro urbOpMays 0 HAYAILHOM
MpOIIECCE B AJITOPUTMAX WICHTU(MOUKAINU HE AHAJIUIUPYETCS, UCIOIb3Y-
IOTCsI JIUIIIh COOTHOIIEHNS HHTETPAJHHOTO XapaKTepa.

Pasnocrnas cxema (Kpanka-Hukosicon) umeer mecrurodednbiii uma-

6mon. B crampaprabix obosmadenusx cf ~ c(tg,z;), to = 0, 7o = 0,
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T, = f, Az = h. Ha kaxkaoMm cjioe 10 BpeMeHHU AaIlPOKCUMUPYEM
o (tr,0) = [—3ck + 4ck — ck]/2h. Tloncrasnas B rpanuunoe yciosue (2)
npu x = 0, monygaem Buipawenue ck = fo(ck, k). Amamormanbmn 06-
pasom cf = f,(ck_, ck_,). Ha npempapurennrom BpemMernoM cioe Bee
f—O E=—-1 HpI/Ik—OCHaqananonaraeMc? =0,1<i<n—-1,
& = fo(A,9), & = fu(c®_5,c%_,). Barem pemaercst meTomoMm mPOroH-
KH TpexguaFOHaanas{ CHCTEMA, nHHeI‘/’IHblx ypaBHeHm‘/’I IMony4aem HOBBIE
snavenus ¢), 1 < i < n — 1. Cuosa Bbruucusem ¢§ = fo, ¢ = f, u

peuaem CI/ICTeMy. Wrepanuun npogosizkaemM 10 TeX 0P, OKA IPDAHUYIHBIE
3HaYeHNd He ycTaHoBATCA. Ha mocmeayiommx marax 1mo BpeMeH! B Kade-
CTBE Ha9aTbHBIX NPUO/IMKEHui cf u ¢ ucnombsyrorca smauenns c’éfl u
cffl. Boswmytmmennsa Ha BX0/1€ TOXOAAT /10 BRIXOTHOM CTOPOHBI 33 KOHETHOE
BpeMs. JluckperHasi amIpOKCHMAINsA «CIVIAXKUBAET» HEIOCTATKH MOJEJIH
(1)=(2) u aganTupoBaHa K peasibHbIM yCJIOBUsM KcuepuMenta. I[Iposepka
BBIUUC/IEHUT TIPOBOMJIACH BHIXOIOM pacupeenenus ¢(t, x) Ha JuHeRHbIH

craionap (4) npu cobII0AeHN MAaTEPUATIHLHOTO DaslaHca:

/Ozc(um) de = — /OtDcw(t, 0)dt + /OtDcw (t,0)dt. (3)

Hns Broporo srama (¢t € [t.,t*]) mocrpoenusi amamormvHsl. JuciieH-
HBIEe 9KCIIEPIMEHTDLI IPOBOIIIIICH B ITHPOKOM Amamasone: D ot 1072 mo
1072 em?/s; b or 1072 g0 10~° ecm*/s; s or 1072 no 1072; po or 0.1
10 10 Torr; g = 1.46 - 10%! 1/cm?s Torr. U3-3a pa3dpoca NOPsAIKOB BeJu-
YMH NPOBOJMJIOCH MacmTabupoBanme. IlapamMerpsl, HOPOXKIAIONIME KPHU-
BBIE NTPOHUIIAEMOCTH, «3a0BIBAIACH> W 3aTEM BOCCTAHABJINBAJINCH 1O W3-
JaraeMoi HUIKEe METO/IMKE.

PasHoBecue u cranuonap. Pasrosecnas napa (p, ¢ ) onpeaesisaercs npu-
PaBHUBAHUEM K HYJIIO TPOU3BOIHBIX:

usp =bé® = c=v/p, =/ psb L.
Tewm caMbiM, 9KCHEPUMEHT HPOBOAUTCS B 00J1actu ¢ ~ /p. Korga koaddu-

IMEHT 7y U3BECTeH, napameTp s = by?/y MOXKHO HCK/IIOUUTD U3 JaibHeii-
mwmx paccmorpenuit. Cramuonaproe pacupeenenne aromos H jumeiino:

ct =0= c(te,2) = =D 'Jx+¢cy, ¢ =/b"1(P—J). (4)
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U3 coornowenus J = b} BbIpakaeM CTALMOHAPHOE 3HAYEHUE ¢ U IIPH-
paBuuBaeM K c(ty, £):

VI-VP_J+0/oD 1T =0 (P = uspo). (5)

U3 1ByX TaKWX ypaBHeHWil, COOTBETCTBYIONINX JABJEHUAM Do U Py , WC-
kmowaem ps: z = (v/b/D,

J2 72\ J3? 73/2 7
(—i—J—>z2+2<L+—J—>z+2<J—j—i>:0. (6)
Po Po Do Po Do Po

Kopau pasnoro 3maka, KOMILIEKC 2 = E\/E/D OIIPEIEAeTCS OTHO3HAY-
HO. 3areM u3 ypaBHeHus (5) HAXOAUM 3HAYEHHE S, JAJIEE BbIYUCIIAEM
b=pus/y? u D = (/b/z. Henecoobpasno npeasapurensuo ypasuenue (6)
pasienuTs na J u nepeiitu K 6e3pasMepHOil HepeMeHHo V.

IIpu yxkazannom obbeme nHdOpMALMH 33,1294 TapaMeTPUIeCKOi uaeH-
THUKAIIT PEITIAETCS dJIEMEHTAPHBIME BhIKIaakamu. [lepeiizem x ciemy-
IOIIEMY JTAIy: MOMBITAEMCS CIKOHOMUTH HA YKCIEPUMEHTAX HACHIIMICHNUSI-
nperazanuu. K ToMy ke Jpyrue SKCIePUMEHThl XapaKTEPU3YI0TCs CBOMMHU
norpemHocTsiMu. MOXKHO J1i OJJHO3HAYHO HAWTH IApAMETPBI, HE OIpe/Ie-
Jisisi IPEJBAPUTEIHLHO KOI(DPUIUEHT PABHOBECHON PACTBOPUMOCTH Y7

Bpewmsa zamasgeiBanus. Jlunetinas 3adava. BMecTo rpaHWYHBIX YCIIO-
BHii (2) paccMOTpHM JIMHEHHbIe:

co(t) = ¢(t,0) = & = const, ¢(t) = c(t,£) = 0. (7

Kpaesyio 3amaqy (1), (2) 6yzem obosuagars kak I, a (1), (7) — kak II.
Ipaduk dynkuuu (kosmuecrso aromos H, necopbupoBaBliuxcs ¢ euu-
HUYHOI muiowaakyu npu = £)

Jc

Su(t) = /JH(T) dr, Ju(t) = Fi(t) = _D% 2=t

IMeeT acuMNTOTY. llepecedenne ee ¢ OChbIo ¢ HOCUT HA3BAHUE BPEMEHH 3a-
nasapisanus: to = 2 /6D [1]. Ypasuenue kacarennuoii k rpacduxy S(t) B
touke (t«,Sx) (unmexc II y t., J, S omyckaem): S = S(t) + J - (t — t.)
(8 = J). Cnenosarensno, 3nadenne ty JOCTATOYHO TOYHO BIYUC/ILETCH
kaK t. — S./J, S« = S(t.). Baxmno, uto ty He 3aucur or &. OOBII-
HO TpWHUMAIOT ¢o(t) = €, Tae ¢ ~ /Do — DABHOBECHAas C JJABJIEHHEM
Do KOHIeHTparus. [Ipyroii Bapmant: ¢y PaBHA YCTAHOBUBIIEHCS KOHIICH-
tparuu & B 3agade I. IMockonbky P = b&?, P —bcz = J, 10 & > &,
J = b = & = & + . ®opmaibno 3aua4a II — nepsoro posa. Ho npu
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éo = @ = /b~1(P —J) oHa KOCBEHHO CBA3aHa C HEIMHEHHON 3a/adeit
I Tperwero poma. Korma morok aromoB H Ha BXOAHYIO HOBEPXHOCTDH 3HA-
YATeHHO MPEBOCXOJUT TIPOTYCKHYIO CTOCOOHOCTh MemOpanbl (P > J),
nmeeM o ~ ¢. Hakomer, u3 dopmyms (4) caemyer ¢ = ¢ + J(D™!, n
ecin ¢ < Co, TO ¢ =~ JID™ (B 3amaue II ¢ = JID™1).

Samevanue 1. BpraucanrenbHble SKCIEPUMEHTHI B ITUPOKOM IHATIA30HE
mapaMeTpoB MOKA3aJju, 9T0 3HadeHusi Koddduimenta nuddys3un crabdbo
BJIMAIOT HA TOYHOCTb npubmukenus ¢y ~ JLD™'. Oupenensomum ab-
nsgercs mapamerp bP — deM OH MeHbIe, TeM <«JaJjblne mMoaenuny I u
II (éy = €p), mumurupyomumM (HaKroOpOM CTAHOBITCH U [1OBEPXHOCTHBIE
nporecchl. JleiicTBUTEIHHO, eCin 3HAYUTEIHHO YMEHBINNUTh MaJa0Nuil Ha,
BXOJHYIO TIOBEPXHOCTDb TIOTOK P = 18P, TO MPOHUKAIOMINI MOTOK J Oy-
JIeT OY€Hb MAJI U Gy & Co. Kcim yMmeHbuTh b, TO HA BBIXOAE AecopOIust
Gyuer cnaboii, uro cuocoberByer pocry & (ce(t) MOHOTOHHO pacrer 0
yposus ¢&;). O6parno, eciiu b OTHOCUTENILHO BEJIMK, TO HA BBIXOAHON CTO-
poHE aKTUBHAs JecOpOIUs MOHUXKAET KOHIEHTPAIUIO Cg, U B UTOrE IIO-
ayuaem 3azady II ¢ ¢(t) = 0. Poct bP Bieder yMeHbIIEHHE BPEMEHU
YCTAHOBJIEHUS CTAIMOHAPHOMN KoHueHTpanuu: ¢o(0) = 0 — ¢y. Korma mo-
nenu nepekpoiBatorcs (I Boipoxkpaercs B IT), Gosbimme (HO HE CJMIIKOM)
Bapuanuu KodPPUITHEHTOB S, b IPAKTUIECKH HE BJIUAIOT HA BPEMs 3aIa3-
npiBanus tg = 2 /6D. B 310M 1 1IpOABIsAETCS HEKOPPEKTHOCTH 0OPATHOM
3a7aun. B KauecTBEHHBIX pacCyKACHUsX (CHIBHO, a0, IPAKTHYECKH)
aBTOPBI yCJIOBHO OPUEHTUPOBAJIUCH HA morpemHocth B 10% mpwm onpeme-
JIEHUH TTPOHUKAIOIIETO MOTOKA BOJOPOA.

st Broporo srana (¢ € [t.,t*]) caemaem 3ameny &(t,z) = c(t,x) —
¢(ty,x) ¥ mpuMeM t, 3a HAYAJIO OTCYETa BpeMmeHu. B jiuneliHoM mpubiu-
skenuu IT (¢op = Cp) TOIYyUUM Ty Ke KPAeBYIO 33129y JJIs ¢, TOJHKO BMECTO
o, Ju(t) 6yayr Ac = (—:ar —¢ou AJg = Ji — Jir. HoBoe Bpemst 3amaspl-
BaHUs BBIYMC/IsIETCs 110 hopMyJie

At,

iﬁ;, AS*E ; AJ[[(T)dT, AJ[[EJE—J[[,
At, = t* — t.. B uCcX0HOM BpeMeHN WHTETPUPOBAHME TIO T € [tu, t*].

WNznoxkum cxemy naentudpukanuu. Hanomanm, 910 s u z = Z\/I;/D nu3-
BECTHBI U3 aHAJIN3a CTAMOHAPOB. 110 U3BECTHON U3 SKCIEPUMEHTA, MLJIOT-
rocTu fecopbrmm J(t) Boraucasen t; = t, — Sy /J u ta = At — AS,/AJ,
rze Bmecto AJy () uenomssyem AJ(t) = J(t)—J,a AJ = J* —J . Ecim

t; COBIAIAIOT C BBICOKOI TOYHOCTHIO, TO OOOCHOBAHHO IIPE/IIIOIArAEM, YTO

Aty = Aty —
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9KCIIEPUMEHT HAXOIUTCA B 30HE BhIpOxKAeHus moaenu I B II. Xors Teope-
THYECKH t; MOTYT COBHACTb U B | NPU CHENUATBHO TIOAOODAHHBIX Po, Py -
U3 t; = (? /6D naxomum onenky kosbduimenta muddysun D. [lanee Bbi-
aucasgem ¢y = JCD ™, & = JT¢D™!. Conocrasnss ¢ & = \/b=1(P — J),
ef = \/b"1(Pt — JT), naxonum onenky xkoacddurmenta gecopbimu b. Bo-
Jlee HAJIeXKHBIM 3HadenneM spisercs Vb = Dz /(. Hakonen, ducienno pe-
maeM 33a49y I ¢ mosmydeHHbIME S, b, D u cpaBHEBaeM MOJETbHYIO KPUBYIO
J(t) = bci(t) ¢ sxcnepumentanbHoil. Ecan pesysbTar HeyIOBIETBOpHTE-
JIEH, TO MOJIy9€HHbIE ONEHKHU S, b, [ TpUHUMaeM B KadecTBe HAYATHHOTO
TpUONUIKEHNUS JJIsT UCXOTHOM Momesn 1.

Henwuneitnasg Mogeab. Uem «ganbpines apyr or apyra mozxenu I u
II, rem gyumie obycioBiena obparnas 3angada. Cropocru jauddysuu u
(21€) COPOIMOHHBIX TPOLECCOB JIOJKHBI ObITh COU3MEPUMBIME 1O TOPSIJI-
kam (3amermm, aro [VOP] = cm/s = [D/{]). CiieqoBaresibHo, pedb uaer o
HEBBICOKMX TEMIIEPATypPaX: XUMUUIECKHUE MPOIECCHl AKTUBUPYIOTCS C PO-
CTOM TEMIEpPATypPhl 3HAYUTEIHLHO ObicTpee muddys3un. B npurmagaoMm
mIare Mojesb | Hale/leHa, HApuMep, Ha UCCIEI0BAHUE TOHKWUX ILIEHOK
WU CTEHOK, KOrJa KOHIEHTPAIMK OY€Hb MAJIbl U TPEOYETCsi OLEHUTDH MeJI-
JieHHOe (HO Ha 3HAYUTEJbHOM MHTEPBAJIE BPEMEHH) HAKOILJIEHUE BOAOPOIA
(usm ero U30TOINOB) C BHEIIHEH CTOPOHBI.

Bameuanue 2. Ilo Kmaccuueckoil KPUBON NMPOHUIIAEMOCTH HEJIB3sl OJIHO-
3HAYHO CIeJIaTh BBIBOJ, O com3dmepumMocTu auddysuu u (ae)copbimu. ITo-
9TOMY U MPEIJIAraeTcs SKCIEPUMEHT C ABYMS JTABJICHUSMU U «CTAPTOM>
HA BTOPOM 3Tale He C HyJisd, & C JOCTUTCHYTOrO CTanuoHapa. Ecim B3sTb
Juty=t,—S./J us 3anaun I u upunars 8 I[I D = (%/6ty, é = J{/D,
1o B I Gyser To ke ycranopuslieecs snadenue J. [IpakTudecku Hepas-
JWYEMBI B IepexomHble Iponeccel. Hampuvep, mpu bP ~ 107, D = 106
KOHTIEHTpaIms ¢ 6ombire £.J /D moutn B aBa pasa, to npesocxonut £2 /6D
Gonee em B Tpu pasa. Oxuako rpaduku J(t) B mogenax I u II (D u ¢y
BbIUUCJISAIOTCH KAK YKA3aHO BbILIE) COBIAAAIOT B 1pejenax 5%.

ITepeiigem k ouenke Bpemenu 3anasjpiBanus B Mojesu I, t € [0,t,].
O6o3HaUrM

R(t) = /0 tFO(T) dir, Fott)=-D2| . R.=R(t).

Ox o’
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Omnpenermm bynxumio 7(t) = Fo(t) — J u npeacrasum R(t) B dbopme
t
R®) =M@+ Tt M@= [a(r)dr
0

rjie uHTEerpaJl B npeaese Koueuen (8 M, = M(t,)) u3-3a GobiI0il CKOPO-
ctu yousamus bynxmun |1(t)|, t > 1 (R = Fy — J).

Ilpu t = t. u3 marepuanbaOro bananca (3) u npeacrasienus (4) nmeem

M, + Jt, — S l(t )dz = &/ e
—Se= [ clts,x)dx = Gl — —.
* * * o *9 0 2D

Honcrasnas ¢o = ¢ + JU/D, ¢ = I/ Vb, 1151 BpeMeHH 3ama3/bIBaHus
to = t. — Si/J nmeem

e 0 M,
to=— 4+ ————, I=1J. 8
I T VI ®)

C yuerom ypaBHeHUs Jjis CTaloHapa (5):

7l P
%zx—l, XQEj—létOZE 1T 9)
B paccmarpuBaeMoM auanazone mapaMerpoB mojenn M, > 0, oTkyzna cie-
nyer onenka tg < (x + 1)(x — 1)71¢?/2D. Ona tem TouHee, Yem MeHbINE
oTHOCHTEBHBIH Bemmeck (Fy — J)/J u Guictpee ycranosienue Fy — J.
Korna no yciosuio skcnepumenta P > J, T0 ¢ J0CTaro4Ho Majioil mo-
IPemHOCTBIO cupaseamuso tg S ¢2/2D. Ilpu BbIIOIHEHMM HEDABEHCTBA
(M, —.l)/J < (/2D u3 npeacrasnenus (8) crenyer to ~ €2 /2D.

2 x+1 M,

3amenanue 3. Korna monens I soipoxkaaerca s II (&g = &), u3 & = JI/D
u ty = (2/6D cnenyer M, = J(%/3D. Yeenutenne BpeMeHN 3amas3biBa-
HUsI C POCTOM BJIUsAHUs (J1€)COPOIUOHHBIX TPOLECCOB MPOUCXOIUT 33 CIET
YBEJUYeHUS T, BDEMEHH YCTAHOBJICHU: Co(t) — & u ymenbinenus J. Ha-
npumep, B Mogenu I npu £ =2-1072, D =105, b = 10720, s = 108,
Po=1 (r.e. VbP ~4-107* ~ D/{) umeen J = 1.2-10'2, G = 3.6 - 10,
¢ = 1.1-10', ¢, ~ 500, to = 130, B To Bpems Kax B I (C yCcTaHOBUBIIIMCSA
B [ 3HauenneM KonuenTpanuu &) J = 1.8 102, ¢, ~ 300, to = 67.

[ocTaBum BONPOC: KOTAA 1O/ HHTErPAJoM MOXKHO mosarath Fy = J
(= M, =~ 0)? 3anuumem mMarepuaibHblil 6ananc (3) s BBIPOXKIECHHOM
mozenu II mocie yCTaHOBJIEHUST:

Gl (™
7: F()(T)dT—S(t*):R*_S*, J:J]].
0
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Ucnonb3ys soipazkenus tg = t, — Sy /J, &g = JU/D, ty = £?/6D, nomyuanm
R, = Jt, + 2Jtyg. Urak, orser: mpu ty <K t,. Anajormunsii s¢hdexr
YUCJIEHHO OOHAPYKEH U B Mozenn I.

Cxema Boramcienuii mo paszpenenuio b, D takoBa. 3a Ha4aJbHOE TIPU-
Gnuzkenne pumeM, Hanpumep, D = (2 /3ty u BbraucauM Vb = Dz/¢t, M,
(pewas 3anauy I). Barem u3 ypasaenus (9) HAXOAUM CJeLyIOLIEe [IPU-
onmkenne D n Tak 70 yCTAHOBJIEHUST HTEPAIMOHHOTO mporecca. [Toka M,
MEHbIIIe NCTUHHOTO 3HAYEHUs U PACTET, MpubamKkenus D OymayT BepXHH-
MU yObIBAIOIIMME OLEHKaMu, Koraa M, Gosbiie — HA0GOPOT («BUJIKA ).
WrepannoHublii XapakTep ajroOpuTMa CBS3aH C TE€M, 9TO HA BXOJAE HET
undopmaluu Hu O KOHueHTpauuu co(t), uu o noroke Fy(t).

B 3aknirouenue myHKTa PACCMOTPUM BAPUAHT CYMIECTBEHHOIO YJIy dllie-
HUsE 0DOYCJIOBJIEHHOCTH pelneHust OOpaTHOM 3a/1a49u, XOTs OH CBS3aH C JI0-
MOJIHUTENIbHBIMU 3aTparamu. [lycTh m3BecTen oOmmii pacxo BOAOPOJIA.
JInbo OH HEmOCpeJCTBEHHO M3MEPEH C BXOMHOW CTOPOHBI, JTUOO BBHIUWC-
JieH Kak mHTerpast ot J(t) mioc konandecrBo H B miiacture (Ha €TMHUILY
WIoWEaAn). DT NpeogaraeT ObICTPOe OXJIaXKIeHue 06pa3ua ¢ I0CIe1y-
fomieil gerazamnueii B Bakyyme. JIubo OpicTpo ybupaem BOIOPO/L U3 BXOILHOMN
KaMepbl (HampuMep, OTKPBIB HA MIHOBEHHUE MPEABAPUTEILHO BAKYyMUPO-
BaHHbI Gasion 6obiioit eMkocTn). [Ipu 9TOM [j18 COKpAIIEHNsT BPDEMEHH
9KCIIEPUMEHTA MOXKHO COEIMHUTH BXOJHYIO U BBIXOIHYIO KAMEPHI, TIOCKOJIb-
Ky HAC MHTEPECYeT TOJIBKO ODIee KOJMIecTBo aroMoB H B 1iacTuHe.

ObpaTumcsi KO BTOPOMY 3TAally SKCIEPUMEHTa: Po — ]33, t € [ts,t*].
Caenaem 3ameny: ¢(t, z) = c(t, z) — c(t«, x),

_ 1= o¢ 8%¢ A
C(t*,.'lf) ZCO_D 1']xv E = @7 t>t*7 C(t*,fE) :0,
9 o oo, N
Do | _ =M -J=AR®), Do)  =J{)-J=AJ0).

11 HOBOTO BpeMeHU 3ama3/bIBAHUS [10J1yIAaeM BbIPAXKEHU s

_Ae, 2 AM,

Aty= S+ =55 =5 Ad=a —aq, AT=T'-J  (10)
t* _ _ - gt

AM*:/ [Fo(t) = J*]dt, Jto + AJAto = e = - = (M. + AM.).
Ty

Benmunna Aty seramcnserca kaxk At, — AS./AJ, a M. + AM,
KaK PasHOCTb OOMIEr0 Pacxola BOAOPOIA € BXOTHOH CTOPOHBI M Jt, +
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J*t At,. U3 ypasuenus (10) nocie nogcranosku &g = /b—1(P*+ — J+) =
(Pt — J*/(2D) onpenenserca kosddurment auddysm D.

ConpsxeHHble ypaBHeHNs. OCTaHOBUMC HA IPUMEHEHHH COINPAZKEH-
HBIX YPABHEHWH B 3aJa9ax WAeHTH(DUKAIN MOAEEH BOIOPOIONPOHNIIA-
emoctu. Onpezgenum conpsizkennoe k (1) ypasuenue ¢ = —Dipy,. g
J1060ro pernienus (CONPsKEHHON (DYHKIUYN) HHTErPUPOBAHUEM 110 YACTAM

HOJ1y4aeM
te pL 4

0:/ /w[ct — Dc,,]dzdt = /(wc)
o Jo 0

t. i t.
_D/(; (Ca:w) ﬁzodt+D/(; (¢zc)

Cwmbicst Takoro BeiGOpa (t, ) B TOM, 9TOOBI mOC/IE NpeoOpa30BaHuil He
NOSIBUJIOCH IBOWHOrO nHTerpasa. OCTaJuch BeJUYUHbI, CBI3aHHBIE C KPa-
eBbiMU ycsioBusiMu (1 u3mepenusivu). B rpuBuasibHoM ciyuae (1 = 1)
HOJIy9aeM ypaBHEHHE MaTepHaJbHOIO GalaHca.

B coornomenue (11) M0xkHO nopcraBurh Bbipazkenus ¢(ty, ) corsac-
HO (4), ¢(t,0) = /J/b, ¢(0,z) = 0. Her nuadopmamuu o co(t) u Fo(t) =
—De,(t,0). Ot 01HOrO U3 COOTBETCTBYIONKX caaraeMbix B (11) MOKHO u3-
6aBuUTbCs AONONHUTEIbHBIM OorpanuydenueM ¥ (t,0) = 0 wwm 1, (¢,0) = 0.
ITn0THOCTH BXOAHOTO MOTOKA Fjy MCOBITHIBAET BCILIECK, 9ACTO BECHMA, 3HA~
YUTEJIBHDI B MHTErpabHOM u3Mepennu. Konuenrpaims ¢o(t) B IMpoKoM
JMAIIa30He apAMETPOB YCTAHABIUBACTCA JOCTATOYHO ObIcTpo. ITosTomy

dr—

ty
t=0

¢
T

dt. (11)

NPEINOYTUTETbHEE UCKITIOUUTD U3 ToxkecTBa (11) mIoTHOCTH BXOMHOTO
noroka Fy (¢(t,0) = 0).

st mpocreiitero BapuanTa 1) = x /¢ (3HaMeHATENb J1JIs HODMUPOBKH )
MOy 9aeM

_ col J 02 DS1/2(t*) D b .
ta ta
S(ty) =S = J(r)dr, Sy)5(ts) = Sf/2 :/ I(r)dr, I(t)=+/J(t),
0 0

¢o = \/b=1(P — J). U3-3a 605100 pazbpoca NOPSAIKOB BeTMIHH BBEIEM
6e3pa3MepHbIe TepeMeHHbIe

1 D 9
Iz TtJb =

<l

z1 = -1, x> 1
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Bnauenne Z U3BECTHO — BLIYMCIAETCA 10 3HadeHusaM J, J . B npunarbix
0bo3Hauenusx co(t) = c(t; 21, 22),
LX), = b leo(t) g S 2 1/2

B =2 i = = Z .22

3Z 2 te Jo Jta Jte  te I

IMoxuepkuem, 4ro KoHueHTpaLUs Co(t) HEU3BECTHA U OLPEAESIAETCS Napa-

merpamu b, D. Hopmuposku S,/ J, Sf/Q/I MIOHUMAIOTCH TAK: BBIYHUCJIAEM

zZ129 = Z. (13)

J/J, I/I, a 10TOM HHTErpaJbl.

ITpeanosoxum cHadasa, 910 ¢o(t) R Cop IPU BHIYUCICHUN UHTErPAJIA.
Vc10BHS 9KCIIEPUMEHTA TAKOBBI, 9TO BXOIHAS MTOBEPXHOCTH OTHOCUTEIHHO
OBICTPO HACHIIIAETCsI. DTOTO JIETKO JOOUTHCS YBEIUIEHUEM [TABJICHUS Py U
(usm) rosmunbt £. IlpaBna, yem meHblue Bpemsi ycraHoBjenus co(t) = ¢,
Tem Onmzke 3amaqu I, II m TeMm dyBCTBHTENbHEE BBITUCISIEMOE 3HATCHUE
b k morpemHOCTAM (CTENEHh HEKOPPEKTHOCTH pacTer). YHuC/IeHHO ycTa-
HOBJIEHO, 9TO B JIOTapU(PMUYIECKAX KOOPANHATAX 3aBUCHMOCTH BPEMEHH
yCTaHOBJIeHUS Co(t) oT mapamerpa bP nuneitnas yobiBatomasa. Hanpuwmep,
ang D = 1076 yxxe npu bP > 10 0HO MeHbIIE HECKOIbKUX CEKYHI, B TO
BpeMd KaK t, — COTHHU.

Honcrasmsas & ypasuenne (13) soipawenne ¢ = x+/J /b Bmecto co(t),
noJIy4aeM, 9To BTOpOe (MHTErpajbHOE) CJIAraeMoe CJIEBA PABHO XZ U Ofl-
HO3HAYHO BLIYUCIAETCA 21, T. €. Koaddumuent gecopbiun b. Ecnu B cumy
ypashenus (5) AJis crauuonapa 3amenuTb XZ Ha 1+ Z, T0 coOTHOLIEHUE
(13) nocsie 3amenbr ¢o(t) Ha Co nepenuiierca B Gpopme

x 1] t+Zi, o S1/2
1{5—37] =5 o hesto (14)
rae t9 /2 ABIIAETCA BPEMEHEM 3ana3/plBanus Ais [ (t) = \/J(t). B obmem
Cllydae M3JI0’KEHHOe — TIepBoe Npubmkenne. B 1eBoil 9acTu nossuTes
ClIaraemMoe:

5o [ty bt
2 37 "t ), Jt, ta

CaenoBaresbho, ypapuenue (14) macT HUKHIOW OLEHKY KoddhduiumenTa b
u Bepxuioo 11 D, nockonsky Z = 2129 = D/(I€/v/b). lpu rexymux b,
D Boruucnsem u3 kpaesoil 3aqauu I GyHkuuio ¢o(t) u uaTerpas B JieBoii
vqactu ypasHenus (15). B paccvarpuBaemom nuanasore [. . .| < 0, Tak 910
z1,2 MoOryT nb0 pacTh, b0 yObIBaTh OAHOBPeMeHHO. HO 3ToMy Mmemaer
HOCTOAHCTBO 2129 = Z. lloxcraBuss zo = Z/zp, noiy4aem KBajpaTHOE
ypasHenue 10 z; (Kopuu pasHoro 3uaka). ITo z1, Z naxoaum ouepeubie

(15)
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suadenus b, D. Uteparun mpogomKaeM 10 yCTaHOBIeHnA. VIX MOKHO TaK-
ke HaunHath ¢ D ~ (2 /6ty wm D = (? /3ty.

AHAJIOrMYHO COCTABJISETCS COMPSIKEHHOE yPABHEHUE U Jjisi BTOPOTO
JTara sKCrepuMenTa t € [t., t*]. Ciaeayer TOIBKO yUecTh, YTO BMECTO HY-
JIEBBIX HAYAJIbHBIX JAHHBIX B TOXKjecTBe Buza (11) Oyzer cranmuoHapHOE
pacupegesienue ¢(ty, ). Ecau B HaleM paciopsizkeHuu TOJIbKO OIHA KPU-
Bas npoununaemoctu (t € [0,t,]), To ciemyer 3amenurb Z Ha 2122 U PEILATH
cucremy ypasuenuii (9), (15) ornocurepbHO I€peMeHHbIX b, D.

Ynpowennan crema evuucaenud. J1jis NpakTUIECKUX TEJell MOKET
0Ka3aThCs JOCTATOYHBIM Ciejayioinee npuOnuxkenue. Pyuxuus f(t) =
Go — co(t) Geictpo yomBaer: f(0) = G, f(f) ~ 0, t < t,. Anmpokcumu-
pyem, naupumep, f(t) = éoexp{—at}. Koncranra a > 0 nogbupaercs u3
yenosus f(t) & 0 a1s anpuOPHO ONEHKH BPEMEHH yCTAHOBJICHHS T BXOI-
HO#l Kommentpamun ¢o(t) (af ~ 5 — 7). Torma unTerpanbuoe ciaraemoe
B ypasuenuu (15) Gyuner ussecrubiM uuciom = xZ/(at,). Unrerpupys
no t € [0,t.] rpanmunoe ycnosue P — bej(t) = Fy(t) ¢ moacranoskoit
co(t) = ¢[1 — exp{—at}], monyaaem M, =~ (P — J)3/2a B cooTHOmEHMX
(8), (9). B kKa4eCcTBEHHOM OTHOLIEHUH, O-BUAMMOMY, HPEANOUTUTETHHEE
1(8) = co(1 - exp{—a/t}) (afi =5 1).

Jpyroii BapuanT: uaTerpupys mo t € [0,t,] rpanndHoe ycioBue (2)
npu z = 0, umeem

t. t.

(P — )ty — M, = | bcy(t)dt = bacy / co(t) dt.

0 0
IMapamerp « MOABUIICS BCJIEICTBHE TEOPEMbBI O CpeHeM: acy = ¢o(€), € €
(0,t4) (co(t) = €9 = a = 1). IloacraBnss HuHTErpPA OT Co(t) U3 ypaBHEHUS
(13), umeem BbIpazkenue s M., koropoe ciaeayer nojcrasuth B (8), (9).
C yuerom z = (\b/D, zI = x — 1 monyunm sBHOE BHIpaykenne ajs D.
Ocraercsi 10BApbUPOBATH (! B OKPECTHOCTH €MHUILIbI.

3akarouenue. [lapamerpbr TOBEPXHOCTHBIX U AuMDDY3UOHHBIX TPOIEC-
COB OIPEJENAIOTCS B OJIHOM 3IKCIEPUMEHTE. IDTO IpeJIcTaBisercs Gosee
KOPPEKTHBIM, 9eM HCHOJIb30BAHUE <«TaOJUYIHBIX [TAHHBIX» 110 KAXKJIOMY
K03(pPUIMEHTY B OTAENHHOCTA W3 PA3JTUIHBIX HCTOYHUKOB. JlocraTtod-
HO JIUIITh WHMOPMAIUHU O TJIOTHOCTH J€COPOIMOHHOTO TTOTOKA, C BHIXOIHOM
CTOPOHBI MEMODAHBI, HA BXO/IE «9€PHOTO SAMUKA» MOXKHO HE TTPOBOIUTH U3~
Mepenuit. Ho, ecTecTBeHHO, TPy 3TOM AJTOPUTM UIAEHTUPUKALINAN, 00pa3-
HO T'OBOPsi, TEPsieT XOPOIIYI0 00YCJIOBIEHHOCTh U HEKOPPEKTHOCTH 0OpaT-
HOW 3a/1a49U yCUIMBAETCsA. PAaCCMOTPEHHBIN THAITA30H MOPIIKOB BEJIUIHH
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CJIMIIKOM BEJIUK JIjIsi OJIHO3HAMHBIX pEKOMeHaanmii. B KonkperHnom ciy4dae,
Korga u3 (pusmueckux coobpazkeHuil M3BECTEH JOCTATOYHO y3Kuil auana-
30H, CJI€LyeT IEPeXOAUTH K Ge3pasMepHbIM IepeMeHHbM Z;: D = Dy,
b=bzs, s = 5x3 (BouHOi#t bukcupyrorcs xapakrephble nopsaku). Hanpu-
Mep, ypaBhenue crauuonapa (5) nepenuinercs B ¢hopme

Vazs —1-X =1, a=H"P ﬁEM, x= Vo
D T

Ha 3aKJ/JIIOYUTEJIbHOM dTalle, KOT'Ja HOJIy‘IeHO penaienrne B OKPECTHOCTHU «HC-

TI/IHHOFO», L[e.T[eCOO6paSHO JOIIOJITHUTEJIbHO HpI/IMeHI/ITb JIOKAJIbHO CXO/d-

LIUIACS aJICOPUTM METO/Ia HAMMEHbILIUX KBaIPaTOB.
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MOJEJINMPOBAHUE TAC-JIETASAIINN IIJIACTUHHBI

FO. B. 3auka, E. K. KOCTUKOBA

PaccmarpuBaeTcs merasariust IIaCTHHBL, TTPEIBAPUTEIHHO Ha-
CBIMIIEHHOM BOIOPOIOM. DKCIIEPUMEHT IIPOBOIUTCS METOIAOM
tepmonecopbumonnoit cnekrpomerpun (TIC). B paGore mpu-
BOZISITCST PE3YJIHTATHI YUCIEHHOTO MOIe/TnpoBanusi. B cooTBeT-
CTBYIOIIEH HeJIMHEIHOI KpaeBoii 3a/1a4e y9TeHbl OCHOBHBIE JIU-
vuTupyomue GakTopsl: mpouecchl auddysun u gecoporuun.

ITocTaHoBKa 3amga4dm. DKCIEPUMEHTAbHbBIA METOJ TepMOIeCOPOIMOH-
Hoit cnekrpomerpuu (TIC) aBisiercs 0HUM U3 OCHOBHBIX IPU UCCIIEI0BA-
HWUHU B3aMMOJIEHCTBUS BOZOPOJA C TBEPIABIM TeJoM (CM., HampuMmep, [1,2]).
PaccvoTrpum onmn w3 mpocTeitmux BapuanToB. Ilmactura n3 MeTasia nan
CILIABA MOMEIIAETCsI B KaMmepy ¢ razoobpasHbiM Bomopogom. Ilocie ma-
chlieHus 06pa3la PACTBOPEHHbIM (aTOMAPHBIM) BOAOPOAOM KaMepa Ba-
KYYMHPYETCsI, U C TOMOIIBIO0 MAaCC-CIIEKTPOMETPA ONPEIEIeTcs 1ecopo-
UOHHBIH MOTOK. [10 3T0# 9KCIEpUMEHTANBHON MHMOPMAIIUN CYIAT O TEX
WJIM WHBIX XapPaKTEPUCTHKAX B3aUMOJEUCTBUSA BOJAOPOJA C UCCIETYEMBIM
MaTepuajioM. B JaHHON cTaTbhbe OCTAHOBMMCH JIMINL HA MPIMOi 3ajade.
OO6parHble 334349u IapaMeTPUYeCKOR uaeHTH(UKAIMA MOAeIeil — npe-
MEeT OT/EJbHBIX IIyOJTUKAIAH.
Paccmorpum ciaemyromyio kpaesyio 3agaqy T/1C-merazamun:

Oc 8%c

E—Dﬁa t>07 T € (07 6)7 0(07 35)—80(37); T € [07 Z]: (1)

D% = bel D% = —bci, co(t) =c(t, 0), ci(t) = c(t, £). (2)
0 la=0 Ox o=t 6 SOV = A0 B, S = A8

3aech ¢(t, x) — KOHIEHTpaIMs PACTBOPEHHOIO BOAOPOaa, D, b — koaddu-
nuenTsl quddy3un u gecopbruu. Kpaaparunanocts mecopOiiuu 00yCI0B-
JIECHa CO€IUHEHHEM aTOMOB B MOJIeKy.HbI B IIPpUIIOBEPXHOCTHOM 061>eMe.

© 10.B. 3aumka, E. K. Koctukosa, 2008
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IMapamerpor D, b 3aBucst or Temneparypbl 1. OObIYHO HCHOIB3YIOT 3a-
kot Appennyca: D(T) = Dgexp{—Ep/[RT]}, b(T) = by exp{—Es/[RT]},
Dy, by, Ep, E, = const. B mpocreifiniem BapraHTe SKCIIEPUMEHT TPOBOIUT-
csa npu duxcuposannoit T = T, Tak uro B ganbHeiimem D, b = const.

Eciin Haua/ibHOE HACBIIIEHUE CUUTATh PAaBHOMEPHBIM (¢(x) = €), TO pe-
[eHre KPaeBoil 3a/1a49u MOHIMAETCs Kak 00001merHoe. Ilockonbky mo mo-
CTAHOBKE 9KCIIEPUMEHTA KOHIIEHTPAIHSI CAMMETPUIHA OTHOCUTETHHO Cepe-
JIUHBI IJIACTUHBL ¥ HAYAJIbHOE BAKYyMHUPOBAHHUE JJIUTCS HEKOTOPOE (IIyCTh
U MaJjioe) BpeMs, TO PA3yMHO MPUHATDH

o) =c—A(x—Ly)?*, A>0, by, =1/2.
Koucranra A onpejesisiercs noJcTaHoBKOM B rpanuunbie yciaosus (2). Bes
NIPpUHIUIINAJIbBHBIX N3MEeHEeHU HUCIIOJIb3YIOTCA U 60ﬂee BbICOKHE CTCEIICHH.
TpeGyercst BBIMHCIUTD WIOTHOCTH gecopbuun J (1) = bed(t) = bei(t)
Ha orpe3ke Bpemenu [0, t.], J(t.) = 0. Dr1a byHKUNA Oompeessiercs U3
9KCIIEPUMEHTa, TAK YTO MOJEJbHBINA N0TOK J(t) HeobxoauM /1jis 060CHOBA-
HUAS W TECTUPOBAHUS METOI0B IAPaAMETPUIECKON HACHTU(DUKAIIAN.

Pemenne KpaeBoii 3ajaun: pasHocTHasti cxema. Clenys cTaHmapT-
HOlt MeroznuKke [3,4], BBegeM ceTKy W] ¢ (DUKCHPOBAHHBIME IIAraMu T, A
no t, z B 3amxnyroii obmacru Q = [0, t,] x [0, £]. O6osnauum uepes k, i
(kefo,...,M},i€{0,...,N}, 7 =t./M, h={/N) HOMepa y3:10B 10 t,
T, a yepe3 ¢} npubsurKenHble 3HAUEHUA KOHTEHTpAUuH c(ty, ;) B y3max
CeTKM. 3aMEHNM NMPOU3BOMHbBIE PA3HOCTHBIMU AHAJIOTAMMY:

k k—1 k k k
Cp — Cp Danrl _26n+cn 1
T h?
06 = h?/(D7) h— 2+ sk k= —seiT)
o3HaunB s = h*/(DT), nomy4aem c¢;_4 s)cp + Cpyq = —5C,_1-

BHaueHus B HAYAJIbHbBIA MOMEHT BpeMeHu (Ha HYJIEBOM CJI0€) U3BECTHBL:
¢ = ¢(z;). Ilpumensiss METO/I IPOrOHKY, UIEM HPUOJIUAKEHHbIE 3HAUYEHUS
KOHIIEHTPAIAN B y3JIaX CETKH B BHIE
ko k _
Cp1 =0n_1C, +Pn-1, n=12,...,N. (3)

. _ 1 _ k—1
Iporonounste ko3bbuIUEHTDL: Ay = g—g—, Bn = an(Brn—1 —ci ).
W3n0xuM anropuT™ BBIYUCTEHUH HA k-OM CJI0€ TI0 BPEMEHH.

1. 3unauenus B TIEpBOM W BTOPOM Yy3JlaX BBIYUCTIAEM 110 SIBHOM cxXeme:

1 o — .
k= B (ci?;ll —(2-s) T+ ci-”f), i=1,2.



30 IO. B. Bauka, E. K. KocrukoBa

2. B rpannunbix yssnax ¢ rounoctsio 10 O(h?) umeem
cx(tr,0) ~ (—ch +4ck — 3ck)/2h, (4)
co(ti, £) ~ (ch_y — 4cki_, +3c%)/2h. (5)

U3 kpaesoro ycnosus b(ck)? = D[—ck + 4ck — 3ck]/2h nonyqaem
KBa/[paTHOE ypaBHeHue /7id cf. KOpHI ypaBHeHns NMeioT pasHble
3HAKHU, BEIOMPAEM MOJIOKUTEIbHBIH 10 (PU3NIECKOMY CMBICITY.

3. Boramcus npuOMIDKeHHOE 3HAUEHe KOHIEHTPAITNT Ch, HaXOuM
HavaJlbHbIE IPOroHOYHbIe KOdbbuumentsl ag = (2 — s)/v, fo =
cks/v (y = 2hckb/D + 2), a no aum u Bee ocranbubIe.

4. Ha rpanuue = £ ¢ yuerom annpoxkcumauuu (5) 4 IPOrOHOUHO-
ro coornomenus (3), KO3(hOUIUEHTHI B KOTOPOM y¥Ke U3BECTHBI,
nofyqaeM KBaJpaTHOe ypasHeHue oTHocuTeabHo ck. IIpn sTom
sHauenus ck,_,, ck. | Boipamatorca 4epes an_a, an_1, BN_2,
Bn-1 u ck,. VI3 xopueit ypaBHeHns BHIGHPAEM MONOKUTETHHBIIA.

5. Beraumcsem ocrambubie cf, i = 1,2, ..., N—1, B cootseTcTuH C (3).

6. lanpHeilimnii pacueT UTEPATMOHHBIN: TTOACTABIISIEM c’f, c§, 0%72,

ck_, (a3 mpenpiaymero mynkTa) B (4-5); M3 rPAHUYHBIX yCJI0-

Buit 115 cf, ¢k momydaem xBajpaTHble ypaBHEHH#; CHOBA TIPH-

MEHsieM IIPOrOHKY — M TaK /0 yCTAaHOBJEHHs. B paccmarpu-

BaeMoM (bUBMYECKM ONPABJAHHOM Juana3oHe napamerpos (D

1078 =103 cm?/¢; b: 10720 — 107 em? Je; ¢ : 1010 — 1018 1/cm®)

00BIYHO TpeOyeTcs ONHA—IBE UTEPALIUH.

CI/IMMeTpI/Iﬂ 3a1a49d [ABJidJaChb OJHHM M3 KPUTEPUEB IIPABUJIBHOCTHU
cueta. OCHOBHOI KpPUTEPHUIl — BBIMTOJIHEHNE MATEPUAIBLHOTO OAIaHCA:

¢ ¢ t
/(,0(37) dr = / c(t,z)dx +2[ J(r)dr, J(t)= bcgaz(t).
0 0 0

Pesynbrarhl 4ucjeHHOro MOAe upoBanus (puc. 1,2) mOJHOCTBIO COOT-
BETCTBYIOT (pu3maecKuM mpeacrapiennsM. Ilpu 3rom n3-3a 60611010 pas-
Opoca MOPSIIKOB BEJIMIUH IPOBOJUIOCH MACIITAONPOBAHUE:

x=1VLz, z€[0,1], u=c/e, u= Du.., f)uz|0 L= :I:IA)ua1 =4J,

D=D/  b=be/t, A= Alr/e
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1.0 — e 0.9 .
0.9~ T =0 0.8 1=2¥10 cm
08 0.7 D=4*10" cmc
0.71 : 20 4
06 0.61 b=10"tMm /c
2 — 3
osf———————————1t5 0.5] c=10"1/cm
0.4 i
s ———t=10 0.4
B t=40 039 I
= 1 t
g'g e — : ———— =100 0.2 g
0.0 01020304 050607080910 0.1 ——

0.0
0 10 20 30 40 50 60 70 80 90 100

Puc. 1. Ornocurenpunasn tc

koHuenrpauus u(t, z). Puc. 2. IlnoraocTs mecopbimm.

IIpumenenue byukmum I'puna. [Tocae Toro, kak moaydeHa QyHKIINs
J(t) = bcd ,(t) (¢ JOCTATOMHO MAJIBIM IIATOM JUCKPETHOCTH T), MOXKHO
PaCCMOTPETH CJIEAYIONLYI0 KPAEBYIO 33134y

dc ¢ dc Oc

—=D—, ¢0,2) =p(x), D— D—

5 = Doz cl02)=pl), Do 5
IMockonbky dynkuusa J(t) usBecTHa, uMeeM KJIaCCHYECKYIO 3a/a49y MaTe-
MATHYeCKONl (DU3MKKM C IPAHMYHBIMEA YCJIOBUSMHU BTOPOro poga. s
() = € peluenue Kpaesoil 3aza4u upeacraBumo B dopme [5, . 2]

= J(1),

z=0

T —J(t).
c(t,z) =¢ —/0 D_lj(T){G(SU,t;O,T) + G(x,t;Z,T)} dr,

T nwy

1 2 2,2
G(%t;y;T)ZZ‘FZzeXP{ng (T—t)}cosn—cos
n=1

14 I

rae G — dbyukuus 'puna. B obparnoit 3anave dyukuus J(t) 3amaer-
csa o pesyabraram T/IC-skcnepuMenTa, Tak 9TO s IapaMeTPUIecKOil
uaeHTH(UKAIINT MOYKHO HCIIOJIB30BATH COOTHOIIEeHNE J = bc(g),z- [Tostomy
Jlajiee HAC MHTEPECYeT MPeJCTABIeHNe MPAHNIHON KOHIEHTpAH Co(t).
MozkHo nostyuurb 6oJiee aJeKBATHOE SKCIEPUMEHTY Bbipaxkenue co(t),
yuuTbIBasg HadabHbI <iporuby ¢(z) =¢— Alx —£/2]?, A > 0:
2 [t J(0) [ ¢ 4

_ 1
Co(t)—c—z ; J(T)dT—T E-{—an;ku—nexp{—,unDt}]—

- %Z /texp {= Dt = 71} J(7) dr, p = (”%)2 J(0) = DAC.

n=2k /0
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CJI02KHOCTH HCIOJIB30BaHMsT 9TOH (POPMYJIbI 3aKII0YAETCS B COYETAHUU
orepanuii UHTErpUPOBAHUs U CyMMUPOBanus psga. CHadasa cieayer mo-
YJIEHHO BBIYUCIATH WHTETPAJIBI, & 3aT€M CyMMUpOBaTh. VIHTErpasbt

Ta(t) = /Otexp{ _ (%)2 Dt - T]}J(T) dr

YI0OHO BBIYHMC/IATH, MCIOIB3Ys MPOLELYPY MHTETPUPOBAHUSA JTHHEHHOIO
nuddepeHuaibHOro ypasHeHus (€ HODMUPOBKOR Jyax ):

Ju(t) = —(”7”)2 D Ju(t) + J(t), Ja(0) = 0.

B obmem ciygae J(0) > 1 u 3aja9a MOXKeET OKa3aTbCs KeCTkoil. B ma-
kere Scilab Obur mocTpoews! rpadukn J,, n = 2,4, ..., 12. Bce 3navenus
Jnt2 (t > to > 0) cymecrsenno Menbiie 3uadenuii J,. Paccmarpusae-
MBI PsJl JIOCTATOYHO OBICTPO CXOAUTCs, IPU YKUCAEHHOH peajim3auud OH
3aMeHAJICA CyMMOI 1epBbix 5 wieHoB. CpasHenue rpadukoB QyHKIm
¢o(t), cooTBETCTBYOLIME IOCTPOEHUSIM 1. 2, 3, II0KA3bIBALT, YT0 (PYHKIIUS
Ppuna (s juseitHoi 3aga4m) MOXKeT 6bITh 3D GMEKTUBHO UCIIONB30BAHA
JJIsi OIEHKHW TIapaMeTpOB MCXOIHOIN HeJmHelHoM mozaenu. Wmioctparun
npuBejieHsl Ha puc. 3-5 (£ = 2-1072, D = 4-107°, b= 10"%°, ¢ = 10'7).

0.010 0.014
0.009]/ T 00121
0.008;
00107\

0.007]: T
0.0064: 0.008] —
0.005 0.006 Tenz2
0.0047 0.004
0.003] | -
0.002] T e . n=4 ooo2f T o - ——DE
o n=6 | 0000 —— o —
000t e 156 0 2 4 6 8 101214 16 18 20
0000 a6 s 0 12 14 16 18 20 <

tc Puc. 4. I'padpukn pyuknmii
Puc. 3. I'paduku dyukuuit J, 4A exp{—punDt}/pn + 4T, (t) /L

IlepBoe npubsmkeHne. JKCIEPUMEHTAIBHBIE TIOTPEITHOCTH MOTYT IO~
CTHTATh HECKOJIBKUX JIECATKOB MPOIEHTOB (DU ONPe/eSIeHU! TIIOTHOCTH
necopbuuu J(t)). B Takoil curyauuu Bnosme 1esecoobpasHo Jis rpyoObix
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oneHoK D, b nCrobp30BaTh MPOCTERITYI0 MOIEb. « KymomooOpa3HbIiiy xa-
pakrep pacupejesenus c(t, ) ussecren. [losromy pasymHO B KauecTBeH-
HOM IIJIAHE 34 MEPBOE MPUOIMKEHNE B3ATH Mapaboy

c(t, z) m é(t,z) = B(t) — A(t)(z — )?, £ =20, B0)=C¢.

Cummerpus BblosHeHa, nosaraem B(t) > 0, A(t) > 0,¢ > 0. 13 kpaesoro
yeaosus De, (t,0) = bc?(t,0) nonyuaem

B(t) = /DLA(t)b=1 + A(t)€%,, B(0) = ¢ = /DLA0)b=1 + A(0)(2,,

orkyaa oguo3nauno Haxoaum A(0), yuursisas A > 0. Takum obpaszom,
MOJIYYMJIN TIEPBOE TPUOJINKEHIE B BU/IE ABUKYIIEHCS mMapabOIbl ¢ OJHUM
HEeU3BECTHBIM (DYHKIUOHAJIbHBIM napamerpom A(t):

é(t, ) = /DLA)b! — A(t)z(z — £).
IMomuwaMM yKa3aHHOE TPUOJIMKEHAE MATEPUAILHOMY OaTaHCy
¢ t ¢
/ é(0, z) dx — Qb/ & (r,0)dr = / é(t, ) dx.
0 0 0

IIpomuddepennmpyem mo ¢ GaJaHCOBOE COOTHOINEHUE C YIETOM TDAHUY-
Horo ycyoBud. [lomyanm ypaBHeHMe ¢ pa3aeIdiONInMUC TePEMEHHBIMU

(1 /Dt (2
—2DA_A<§ M+€)

IIpounrerpuposas ero, nosydaem siBHoe Bbipazkenue t = t(A):

o A(0) 1 /¢ (1 1
t_ﬁln<7)+§\/;<ﬁ_\/ﬁ)'
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Ucnonb3ys B nakere Scilab Becrpoernyio pyHKIUO pemieHus ypaBHEHWIA,
Boccranaiupaem 3uadenus A(t). Ha puc. 6 nokazanbt npodusiu KOHUEHT-
paIiy, MOJIyIYeHHbIE PA3HOCTHBIM METOIOM ¥ TapaboIMiecKoil ammpOKCH-
Manmeil. Orauausi, pazyMeeTcsi, €CTh, HO BBIYUCIUTE/IHHBIE 3aTPATHI HA,
napabonaeckoe TpuOINKeHNe HECOTIOCTABUMO MEHBIIIE.

0.0
0 10 20 30 40 50 60 70 80 90 100
Puc. 5. I'paduku xouuenrpanuu

uo(t): 1 —§2;2 —§3.

1.0
09| mm T T e

08— TTT—t=1
0.7
0.6 )

0.5q — )
04

03] t=20
5 B

e “t=100
0.0+— : —

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Puc. 6. I'padukn koHIEHTpAIIUT
7 ee IpubINKeHus TapaboIoii.
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JBOMCTBEHHOCTD 1 AJITOPUTM PEIIIEHU ST
SAJAYN IJNHAMMWKUN ITIOJIETA

A.TI. IBAHOB, FO. 4. OCTOB

PemaeTcss 3aJada ONTHMHA3BAUN TPACKTOPHUM TIPOOIHLHOTO
JBUKEHHs UEHTPA MacC JjerarespbHoro ammapara (JIA), co-
BEPILIAIONIEro HOJIET U3 HAYa/IbHOH TOYKU aTMocdepHoro npo-
CTPaHCTBa B 33JaHHYI0 KOHEYHYIO0 TOYKY Ha MOBEPXHOCTH
Bemsm. Kpurepuem onrumanprOocTH Tpaexropuu (ympasiie-
HUsl) ABJIAETCH MAKCUMYM KHHETUIECKON smeprum JIA B KO-
HEYIHOH TOYKE TPACKTOPHUH.

OnrumabHOE yIpaBIeHue, HAMIEHHOE KAK PE3YJIbTAT PEIeHUs Kpae-
BOI 33/1a9¥ HA, OCHOBE TIPUHITUIIA MAKCUMYMa, B €r0 KJIACCUIECKOi (hopMy-
JINPOBKE, SBJISETCs IPOrPAMMHBIM YIIPABJICHUEM, U TPU HAJUYIUNA BCIKOTO
poma BO3MYyIeHn# OKa3bIBaeTCsa HEA(PHEKTUBHBIM, T. €. He 00ECIeINBAET
ONTHMYM 3aJaHHOTO KpuTepusi Kadectsa [1]. ITosromy, ecin roBoputh 0
MPUKJIATHOM ACIEKTE PEIIeHns 33a91, JOCTATOYHO MOCTPOUTH YIIPaBJIe-
HUE, TPU KOTOPOM 3HAYEHNE ONTUMHU3UPYEMOTO (DYHKIIMOHAIA OTINIAET-
€51 OT ero ONTUMAJIBHOIO 3HAYEHUs He Dojiee, 4eM HA 3aJaHHYIO BEJUIUHY.
Takoe ynpasiienne O6y1eM HA3bIBATH CYOONITUMAJIBHBIM yIIPABICHHEM.

HosBprit BapuanuoHHbIit METOI MPUMEHUM K PEIIEHUI0 CJIeAyIONei 3a-
JIa9u: ONTUMU3UPOBATH TPAEKTOPHUIO MIPOIOIBHOTO IBUKEHUS IIEHTPA MACC
(IM) seraresmpHoro ammapara (JIA), coBepimaiomero mojér u3 Havalb-
HO¥ TOYKH aTMOCHEPHOTo MPOCTPAHCTBA B 33IAHHY 0 KOHEYHYTO TOYKY HA
nosepxHocTu 3emin. Kpurepuem onrumasnbHocT Tpaekropuu (ymnpasiie-
HUs) sABJIAETCH MAKCMMYM KUHETUYeCKOH suepruu JIA B KOHEYHOl TOYKe
TPAEKTOPHH.

© A.Il. Usamnos, 0. 4. Ocros, 2008
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Hpuzkenne IIM JIA onucbiBaercs cieiyomuMu ypaBaenusmu [2]:

%:—%—gsinﬂ, V(0) ="Vb,

d9 _ Y __ gcosb =

a=my v o 0= o
Cii_fg = Vsin®, H(0) = Ho,

& _ ppv, £0) = &,

rae V(t) — mopynb ckopocru, 6(t) — yros Hak/IOHA TPAEKTOPUM K I'O-
pusontry, H(t) — Bbicora nan nosepxuocrbio 3emiu, £(t) — Gespasmep-
Hasl «B3BEIIeHHAas» JJINHA TPACKTOPHH, | — TEKyIIWid MOMEHT BPEMEHH,
t € [0,T], m — macca JIA, g — MO/ysib YyCKOpEHHsi CBOOOIHOTO MaIEHNUS,
X = (Cio + Cria?)pV?5/2 — nobosoe conporusenue, Y = CrapV?S/2
— noxbemuas cuia JIA, p = pfexp (—fH) — ninoTHOCTH arMocdephl Ha
Beicore H, p = p/py, o — yron araku (yIpaBiieHHe).

B nannoit mogemu Cro, Cri, Cyf, S, my pg, B, g — 3anannble KoH-
cTaHTbl. MHOXKECTBO A JOIlyCTUMBIX 3HAYCHHH YIJIa aTaKh O ABJIAETCS
OoTKpbIThIM. CTaBUTCA 38/1a494: MAKCUMHAZUPOBATH KAHETUIECKY IO SHEPTHIO

w (2)

[IPY 33/IaHHBbIX 3HAYEHUAX BBICOTBI U «B3BELIEHHOI» JJIMHBbI TPAEKTOPUU
[oJIeTa B KOHEYHBI MOMEeHT Bpemenu 1, T.e€.

J(a) = (V(T)) =

H(T)—Hr =0, &T)—-&r=0, (3)

rae Hr u & — 3anannbie KoHCTaHTBL. Yrou 6(7') ¥ KOHEUHBIH MOMEHT
Bpemenn 1 He (PUKCHPOBAHBI, 9TO HE BJINSET HA OOIIHOCTL MOJAXOMA K
PEIIeHnIO 3a/Ia4H.

Ha mepBom 3tame pemrenusi MOCTABIEHHON 33a9M HMCXOIHASI CHCTE-
ma (1) npeobpasyercs K Buy [3]:

v, c

d_g:_(510+2_?:l)w_éyvh; W(fo):Vm;

AV _ .G g

Ve _ S\y -9 = 4
i &V (cwo + 2d) Vi PN ERT V(&) = Vho, (4)
dp . Vi,

dE - _Wv p(&) = po,
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rue
_ p - — _ g
p:_*:exp —h7 h:/@’H} g==,
Po (=) B
G — CoopsS — , _ (Cy)ps . _ (C)piSa
T 2mp AmpCy VT T 2mp

aV; uVj, — npoekiuu cxkopocru V' IIM JIA cooTBeTCTBEHHO HA MOPH30H-
TAJIbHYIO ¥ BEPTUKAJIBHYIO OCH HHEPIMAIHHON CHCTEMBI.

Coorsercreenro dbyHKInHoOHAN (2) M orpaHndenns (3) mepenuinryTcs B
BUJIE:

J(u) = ¢((Vi + Vi) (&r)) = V3 (ér),
pler) —pr =0, £€[6o,&rl, &=0, & >0

Kak ciemyer u3 npuBeIeHHBIX Bbillie cooTHOIIeHuit, JIA 061a1aet napabo-
JITYECKOH MOJIIPOii, T. €. KO3 PUIHEHT JJOO0BOTrO COMPOTHBIICHHUS CBA3AH
¢ KO3 PUITHEHTOM A3POAUHAMUAIECKOHN MOBbEMHOM CHUJIBI COOTHOIIIEHUEM
Cz = Cg0 + 55 /2d, rue €0 u d — nosoxurenbuble KoOHCTaHTbL. VI3 10csen-
HEro COOTHOIIEHWs cienyer y = 2v/x — a/b, rue npuHATH 0603HAUEHNUS
Y =Cy, £ =Cq, @ =Ca0, b=1/2/d.

O6oznaunm G(z) = 2v/x — a/b. IIycrb 1, — KoaddumenT 1060B0ro
conporuienus. Kacareapnasi K KpuBoit G(z) B TOUKe T = Ty

_ oG B (=) VI —a
Y= bz z:zk(m k) + Gloe) = b\/Zr —a +2 b

O06o3Ha9YMM TOYKY ME€pPECeUeHns ITOM MpsAMOii ¢ ockio Ox 1depes z, T.e.

0= (z —zy) +2\/.’L'k—(l
N T b

Orkyzna ciemyer
xp + z = 2a, a = const. (5)

C yueroM nocjieHux JAByX COOTHOIIEHUN ypaBHEHUE KACATEIbHON TPUHMU-
Maer BH/I
_ (z—2)
v= bva— =z’
Touky z Oymem Ha3BIBATH COMPSZKEHHOM TOYKOM IO OTHOIIEHHIO K Xj. Ta-
KHM 00pa3oM, TO4Ke mapabois! (€, = Z,Cy = ) COIOCTABIICHO yDABHEHUE



38 A.II. Uanos, FO. 5. Ocros

UpsMOii (B IPOCTPAHCTBEHHOM CJIy4ae — yPaBHEHUE IMIEPIIIOCKOCTH, KO-
TOPOE COOTBETCTBYET MpeoOpa3oBanuio Jlexkanapa MIPUMEHUTEIHLHO K I1a-

pabosouny). Teneps cucrema ypashenuii (4) nepenuinercsa B Buje

av, = (E:c — Z) —

df - Czw b\/mvh; W(fO) - ‘/lOJ
dVy, (Ew — Z) B g

Ch ey V- —=L— ., Vi(&) = Vo,
& “wjaz ! T g e =T
dp Vi

P i p(&o) = Po-

&=

(6)

Cucrema ypasuenuii (6) npu nepexo/e K HOBO HE3aBUCUMOIT epeMeH-

HO# p mpuMeT BHU

dVi _ ViV + VR N (Co — 2/ V2 +V?

dp Vh bva—z ’
av; ex — 2)Vi/VZ + V2
o _ (G 2NV TV M/V2+V2+—

dp bViva — z
g _ VIV
dﬁ_ Vi, '

TaMUIBTOHUAH CHCTEMBI ypaBHEHUH (7) 1 CONMpsizKeHHAst CHCTEMa, yDaBHe-

HUIl Telepb 3allUIIyTCA TaK:

av AV d¢

H=Uo"" +¥ + U
0d7 1d, Qd,
¥  0H
Rl i 7% TS 7% T O
dﬁ aw 0=*0 1*1 2 X2,
dv,  OH
e = W d -0 By — Uy D
dp th 0 *3 1 ¥4 2 ¥5,
v,  OH

o - e T °

(8)
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3nech
By — Vo GVE (e —2)V,
Vh ViV bVa—2z’
B, — =2V =2V N eV
Wiva—z bVViva —z {7
VZ _Ezvf (Ez - Z)Vh
¢2 = _—7 ¢3 = 2 b
Vv, VvV bV+a — =z
o= (Ga=DV aVh g o. -
WVSa—z V. VR STV

Tak kak V = /V;* + V2 > 0, 10 yc/10BU€ CTAMOHAPHOCTH TAMHU/IBTOHUA-
Ha (8) OTHOCUTEJLHO yIPABJIEHUs C; MOXKHO [PEJCTABUTH B BHUJIE:

1 0H Vi 1 v
A==-2T g (2 —— V4o, (——  41)=0. (10
' Voe,  ° (Vh Wm) ! < bVava—z ) (10)
YcaoBre CTAMOHADHOCTH FaMH/IBTOHHAHA (8) OTHOCHTENbHO 2(p) 1pu
orpaamyennn (a — z) > 0:

_%%_Ij%(a _2)32 = (11:0 - \Ill%l) (2a— & —2) = 0.
IlepBbIit COMHOXKUTENH B MPABOH 9YACTH 3ITOTO BBIPAYKEHUS OTJIUIEH OT
uyns (uHage ¢ yaeroM coorsomenus (10) ¥o = ¥; = 0), Bropoil cOMHO-
kuress (Moaudukanus coorHomenus (5)) paBeH HyJIIO.

B cuny necranmonapuocTu cucrembl (7) raMuiabToHuaH (8) Ha 9KCTpe-
maju gBisercs dyukiyeii p, .e. H = H(p). U3 coornommenuii (6), (7)
cnepyer, uro H(p) = —C\/Vj> + V2 Vi, rae C = const > 0. ITosromy ¢
yuaerom coornorierus (10) Boipaxkenue (8) MOXKHO mpeoOpa3oBaTh K WH-
TerpaJiy CJIeIyOIero BUaa:

N C-9, qug
Vh Vh VVE+ V2V,
Hucddepentypys unrerpamer F1(X(p),2(p)) = 0 n F2(X(p),2(p),p) =
0 mo p, rne X = (Vi,Vp, ¥o,¥1) B cuny cucremsr (7), (9) u nckimouns

nepemennyio dz/dp, noayunm urTerpan F3 = 0 B Buze

F3 =ai1 a2 —ajz a1 =0,

riae
OF, dX OF;

all:G—Xd_ﬁ’ a22—g;
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oFy _ Ok dX 0K
827 T 8x dp T op

a2 =

B pasBepuyTOM BHUIE

g¥y —2+a—zV|V ngQ
Fy = C=0. 12
- (e 1

ITepemennnie ¥o u ¥y BhIpaxkarorcs u3 ypasaenuit (10), (11):

(Vi—bVa—=2Vy)pV (¥ -C)

U, =
O V34 gbva—zVi+ Vag
g = OVA=ZVi+ Vi) (12— C)pV
1 — .

2V3p+gbva—zVi+ Vg

IMoxcranoska nocnennero coorHomenus B uarerpan Fs = 0 ¢ ygerom co-
oTHoMIeHHst (5) NPUBOAUT K YPABHEHMIO 3-€if CTENEeHM OTHOCHTEIHHO CO-
NPAXKEHHONU NepeMeHHON 2:

P=P!(a—2)—-P; =0, (13)
npudeM MOXKHO moJokuth napamerp ¥o = Cp + C, a C = 1. B stom
caydae s Py u P mmeem:

Py =3 c?sz 0 B _g cos? 0 sin?C’l Ly co.s220 a7
sin” @ pV?2 sin6 p sin” 6
pV?2cos gbcos®6 cosf  bcoshd Cy
P =2 ;

: + —2—+
sinzebgz sin?0 V2 p sinf b p
Vi
re Gzarctg<7h), V=V2+V2 a=cz.
f
O0H

Tperuit uaTerpas Moxer ObITH BBIYUCIIEH 110 hopmyse: Fy = X = 0.
B stom ciyvae ypaBHeHHE OTHOCHUTEIHHO NEPEMEHHON z MPUHUMAET CJie-

AyIOUAN BU;

P=P2(a—2z)— P} =0, (14)
1€ IIOJIMHOMBI PO n Pl OHpe,ZLeJIHIOTCH Bpra)KeHI/IHMI/I

3cos’d gcos’d  Cysinf  2acos’ 6
PO = T3 Z— = 2 o - — ) )

sin“ 6 pV?2sinf p sin” 6

V2p

2 cosf - <b2C1 sin9+4> —

P = g /L, - +

bsin? 6 p



JIBOiiCTBEHHOCTTD W AJIFOPHTM DEIIeHUs 331490 JHHAMUKHI I10JIETA 41

2cosf 2abCicosf  bgcos®H
bsinf sin 0 V2psin? 4

PesyabraThl YHCIEHHOTO MOJEJIUPOBAHUS, MPUBEICHHBIC HUXKE, TOI-
TBEPKIAOT 3P DEKTUBHOCTL PACCMOTPeHHOH Meroauku. CuHTE3upOBaH-
HOE 110 YIIPOIIEHHON MOJIE/IH yIIPABJIEHUE C; HAXOAMUJIOCH U3 COOTHOLIEHUS
Cz = 2a — z, e z — Kopenb ypaBHenus (13) mpu Tekyux 3HAYEHU-
usx (Ha3oBbIX MepeMeHHbIX #, p, V U 1mepecuuThiBaJOCh B Yrojl aTaku
«, KOTOPBIA B ucxoaHoi cucreme (1) sBisierca yupasienuem. Ilpu srom
koncrantol b u C1, 0T KOTOPbIX 3aBucaT K03 duuuentol nosunoma (13),
JIOJIZKHBI OBITH MTOA0OPAHBI TaK, ITOObI OB BBITOTHEHBI 33/ IAHHBIE I'Da-
Huunble yciaosusd (3). Cucrema ypasuenuit (1) uHTErpupoOBaIach METOAOM
Pyure-KyTTs! (4-r0 MOpsigKa TOYHOCTH HA 1mIare) ¢ marom h, = 0.02 npu
CJIeIyIOIUX 3HaueHusaAX napamerpoB JIA u armocdepnr: Cpo = 0.1931;
Cri = 5.88; Cf = 0.8548046; m = 422; S = 0.159; g = 9.81.
Bapuanr 1:  pf =2.047; B =1.5682-10"*.
Bapuant 2:  pf = 1.225; 3 =1.4280-10%.
HavanbHas TOuKa TpaeKTOpUU B 000MX BapuaHTax oxHa u Ta xe: £(0) =
0.00; H(0) = 24054.5; V(0) = 1088.31; #(0) = —0.54113. Tepmuna/n-
Hble orpanudenus (3), (4) B oboux Bapuanrtax cienytomme: H(T) —0 = 0;
&(T) — 1.42500 = 0. Pesyubrarbl cyera /i 9TUX BAPUAHTOB IIPUBEEHBIL
COOTBETCTBEHHO B Tabi. 1 u 2.

TAab/ngA 1
ITapamerp | Yupouenunas mozens | [lonnas monesns
b 13.375710 —
C4 0.422616910 —_—
T 37.88 37.88
&(T) 1.42500 1.42500
H(T) 0.00000 0.00000
V(T) 700.84704 700.8499
o(T) -0.844170 -0.844283
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TABINOA 2
ITapamerp | Yupomenunas mozens | [lonnas monesns
b 6.633430 —
Ch 0.999963 —
T 36.18 36.16
&(T) 1.42500 1.42500
H(T) -0.00001 0.0000
V(T) 858.9485 858.96097
o(T) -0.829500 -0.826503

Tpernit BapuaHT OTINIAETCA OT TIEPBOTO HAYATIBHOU TOTKON TPAEKTO-
puu: £(0) = 0.0; H(0) = 30000.0; V(0) = 1200.0; (0) = —0.4, a rakxe
orpanuvenuem (4) na koneunyio To4ky rpaekropuu: {(T') — 1.6500 = 0.

OcrasibHbIe TapaMeTpPbl COOTBETCTBYIOT BapUAHTY 1.
Pesynbrarer cuéra BapuanTa 3 mpuBeaeHbI B TA0J. 3.

TABINIA 3
[Tapamerp | Yuporennaa mozens | [lomnas monenn
b 4.87190 —
Ch 0.7479072 —
T 50.93 51.01
&) 1.6500 1.6500
H(T) -0.00001 0.00000
V(T) 695.8655 695.93738
o(T) -0.72382 -0.72557847

HonuaoMer P u P uMeT OJuH KOpeHb 7z, ABJIAONMACT OOIIIM Be-
IIIECTBEHHBIM TIOJIOXKUTEIHHBIM KOPHEM ITUX MOJMHOMOB, ¥ OH HAXOIUTCS
Mero1oM EBKIIHIA, 9TO MO3BOJISIET CBECTU 3a/1a49y HOCTPOEHUs CyOOITH-
MasibHOro ynpassenus asuxkenuem UM JIA k permennio jmaefiHOrO am-
rebpandeckoro ypapHenusi. B Tabs.4 nmpuBeneHbl Pe3yJbTATHI PEIICHUs
3aja4u Jyis nepBoro BapuanTa (cM. tabj. 1), mojayd4eHHble ¢ UCHOIb30Ba-
HUEM ypaBHeHUus Tperbeil crenenu (cM. Tabi. 4, m.1), u g Jjig 5Toro xe
BapUAaHTA — C UCHOJIb30BAHUEM JIMHEHHOro ypaBuenus (cMm. 1abu. 4, u. 2).
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TABIUIA 4

Nem/m V(T) o(T) H(T) &(T)
1 700.84704 | -0.84417 | 0.00000 | 1.4250
2 700.84703 | -0.84417 | -0.00050 | 1.4250

Ipumenanue: MO MOJTHONR MOJEJBIO CIEAYET MOHUMATh TPAIUIIUOH-
HyIO cxeMy pemieHusi 337a9u (1)—(3) Ha OCHOBe TPHHIMIA MaKCHMyMa
JI.C.ITourpsiruaa B ero kiraccudeckoi popmysimposke. [Ipu ynpasienun,
CHHTE3UPOBAHHOM 10 yIpouéHuoi monesu, cucrema (1), (13) unrerpu-
pyercs npumepHo B 1.8 pasa GbicTpee, 4eM NpPU UCIIOJB30BAHUU TPA/IU-
[IMOHHOMN cxeMbl pemienns 3axa4n (1)—(3), T.K. oTnasaer HEOOXOIUMOCTh
UHTErPUPOBATH CONPSAKEHHYIO cucremy (9).

Canenyer 3ameruth, 4to npejcrasjienue (12) unrerpasna F3 = 0 aBig-
€TCsl HE €JIMHCTBEHHBIM, T. €. MOXKHO IMOJIy9UTD Jiydliee NPUuOIMKeHue Or-
TUMAaJIbHOIO 3HadeHus PyHKuuonasua (2), a nocjaegHee ypaBHEHUE CUCTe-
MbI (1) MOXKHO 3aMEHUTD APYTUM COOTHONICHUEM, HAIIPUMED, YPABHEHUEM
HOPMUPOBAHHOI rOpU30HTAIBHON JasnbHOcTH dl /dt=FV cosf nian ypasHe-

x99

HUeM “B3BEIeHHON” rOpH30HTAIBHON AaabHoCcTH do/dt = [pV cosb.
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NTPOBAS 3ATAYA HANJIYYIITIETO BBIBOPA
C PA3JIAAKOM C BEPOATHOCTHBIMUA
ITPNOPUTETAMMN

E. E. IBAILIKO

B crarpe paccmarpuBaercd urposas 3ajada HAUIy9UIero Bbl-
bopa ¢ pa3JiaKoil, B KOTOPO UI'POKU UMEIOT Pa3JInIHbIE IIPH-
OpUTETHI IPUHATHS HAOIIOAeHni. B kavecTBe Kpurepus onTu-
MaJIBHOCTH HCIOJIb3yeTCHd MAKCUMHU3ALU CPEJHEro I10JIy9eH-
HOIO WI'DOKOM 3HadeHus. PerieHue wmmercd B KJacce OIHO-
MOpPOroBbIX cTparernil. [Iyist JanHOM 3aMatu OBLIM IIOJIY I€HBI
ypaBHEHH:A onTuMasIbHOCTU. Paccmorpensr npenenpubiii (npu
6eckonevHOM umcsie Habuonennii) u 9acTHbl (0auH U3 Urpo-
KOB BCEr/Ia WMeeT NMPUOPUTET BHIOOPA HAOJIONEHW) CIIyTan.
IIpeacrasiiensl pe3yJsibTarbl YUCIEHHOTO MOZE/JINPOBAHUS.

1. BBEJIEHUE

OpHuM M3 KJIAcCOB 332, NCCJIEAYEMBIX B pPAMKAX TEOPHUH UTD, SBJIS-
I0TCSI 3312491 HAaWJIydiiero Bbibopa. Briepsbie 3a1a1a Hanuay4iero spioopa
Obuia paccMoTpena B crarbe [l], rae u3 nociaesoBaTebHOCTH U3BECTHO-
IO YUCJIa HE3ABUCUMBbIX OJIMHAKOBO PACIPEIEICHHBIX CJIyYailHbIX BEJTUIHH
HEOOXOIMMO ¢ HAUOOJBINEHl BEPOITHOCTHIO BBIOPATH MAKCHMAJIBHOE 3Ha-
JEHUE.

B kmmrax [2,3] ommcaHo pelrenne TakK HA3bIBAEMON «33adH O Pa3yIal-
Ke», B KOTOPOH B CIy9aiHbI MOMEHT BPDEMEHU IIPOUCXOIUT N3MEHEHUE 3a-
KOHA pacupeesenus Habsrojenuii (pasiajika), u Tpedyercs 0OHAPYKUTD
9TOT MOMEHT KaK MOXKHO panbiue. [Tozxke B pabore [4] Gbuia paccmorpena
npobjieMa MaKCUMHU3AIUK CPEJHEro 3HavYeHWsi, BHIOPAHHOIO M3 MOCJIeI0-
BaTEJIHLHOCTY HE3aBUCHMBIX CIYYaiHBIX BEJINYUH, 3aKOH DACIpeIeseHus
KOTODPBIX U3MEHSAETCs B CIIyYaiiHbIil MOMEHT BpeMeHu (MOMEHT Pa3/IaKu ).

© E. E. UBamxo, 2008.
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B nammnoit crarbe paccMarpuBaercs HOBas TEOPETHKO-UIPOBAsT [TOCTA-
HOBKA 33/I1a49¥ HAWJIYUIIero BbIOOpa — MIrpoBas 33a/a49a HAWJIYYIIero Bbl-
Oopa ¢ pa3aaKoii, B KOTOPO#l ABa UTPOKA B YCIOBUAX KOHKYPEHIUH CTPE-
MSATCSI MAKCUMW3WPOBATH CPEIHEE 3HAYUEHWE, BHIOPAHHOE U3 IMOCIEI0BA~
TEJIbHOCTH CJIYYaWHBIX BEJIMYUH, 3aKOH PaclpeaesieHus KOTOPhIX U3MeH-
eTcd B CJy4YalHblli MOMEHT Pa3J1a/IKu.

Vkazannasa 3a/a4a sBisercs 00600eHneM 3a/1a4u, PACCMOTPEHHON B
pabote [5], Ha cayuail pasnagku. JJaHHAS CTATHS MTPOOIZKAET HCCIIEIOBA~
HUE KJIACCa 33129 HAWJIYUINero BbIOOpa ¢ Pa3jaaKoil, HagaToe B paborax
[6, 7].

2. ITOCTAHOBKA 3AIAYU

PaccMoTpuM TpOM3BOAAIIYIO CHCTEMY, TE€HEPUPYIONIYIO TOCJIEI0Ba-
TEJTbHOCTD U3 N HE3aBUCUMBbIX OJUHAKOBO PACIIPEIETIEHHBIX CTy YAHbIX Be-
Jmuun (H.0.p.c.B.). B Kaxkaplit MomenT Bpemenu (11epej reHepanueil Kax-
JOU HOBOI CJ1y4alHOM! BeIII/I‘{I/IHbI) cucreMa NepexoguT B OJIHO U3 JIBYX CO-
crosamii: G wiiv — B pe3y/bTaTe pa3aajaku — B co ciieayiomeit MaTpurei
TTePex0/I0B:

(0 < a <1 — napamerp 3a1a4u).

Iepen rerepanmeil mepBOro HAGTIONEHNSA CUCTEMa HAXOIUTCA B COCTO-
sunn G. B cocrosanm G cucrteMa reHepupyeT H.0.p.C.B., PABHOMEPHO Pac-
upezenensbie Ha orpeske [0,1], B cocrosinuu B — H.0.p.C.B., PABHOMEPHO
pacupegesiennbie Ha orpeske [0,0] (b € (0,1) — napamerp 3aua4u).

Ha6uogaresnu (urpok I u urpok II) umeror undopmauuio o napamer-
pax 3a7a9” «, b ¥ n, HO HE 3HAIOT MCTUHHOTO COCTOSHUS CUCTeMbL. Kaxk-
JIbIl U3 UTPOKOB MOXKET JIM0O NPUHATH HabjrofeHue (Torga mpouece Ha-
GJIFO/IEHUSA 11T 9TOTO UI'POKA OCTAHABJIMBAETCS, U OH HOJIYYA€T BLIAIPBILLL,
PaBHbBIl 3HAYEHUIO LIPUHATOrO HADJIONEHUs ), JIUOO OTBEPIHYTH €r0 U I1e-
peiitu K caeaytomemy. Bo3epar Kk HAOIIOAEHUIO, OTBEPIHYTOMY PaHee, He
JTOTTy CKAETCS.

OpxHO U TO Ke HADJIONEHNE HE MOXKET ObITh BHIOPAHO 0OOMMHU UTPOKA-
mu. Ecim 06a urpoka TOTOBBI TPUHATH HAOIIOZEHUE, TO C BEPOSTHOCTHIO P
IPUOPUTET BBIOOPA NMPEJIOCTABJISETCS IEPBOMY HIPOKY, & C BEPOATHOCTHIO

(1 — p) — Bropomy.
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Hesib urpoKOB — MAKCHMHU3UPOBATH CPeJHee 3HAYEHNE IPUHATOrO Ha-
6uo/ieHus U3 1ocjenoBaTeabHoCTU 1 (N > 1) cilydailHbIX BeJUYUH, eHe-
PUPYEMBIX IPOU3BOAAIIEH CUCTEMOIL.

B nannoit pabore paccMaTpUBAETCS PEIeHHe B KJIACCE OIHOOPOTO-
BBIX CTpaTerwii ciaeayrfomero Buga. llepen HadagoM HAOIOAEHWIT UTPOK
I u urpok II ycranasnuparor 3nadenus noporos (¢ U g COOTBETCTBEH-
HO). Kazkiplii u3 urpokos npunumaer nepsoe HabJiiojeHue, IPEBbILIAIOLIEe
YCTaHOBJIEHHBIN TIOPOT, OTBEprasi BCE HAOJIIOIEHUS C MEHBINUMY 3HAYEHU-
siMu. 3HAYEHUE TIOPOra YCTAHABJIUBAETCS MEPE]] MEPBBIM HAOJIIOIEHUEM U
HE MOYKET OBITh W3MEHEHO B JAJIbHEHIIeM.

OcHoBHBIE 0003HaYEHUA

ITycts mpropuTeT BbIOOpA MPHUHAIJIEKUT MepBoMy UTpoKy (p < 1/2).
B npoTuBHOM Clly9ae TIepeHyMepyeM UTPOKOB.

YaurbiBasi, 4ro npuopurer urpoka I B BbiOope nabsronenuit HuKe mpu-
opureta urpoka I, oueBu1HO, 9TO 3HAYEHUE ONITUMAIBLHOIO IOPOra MEPBO-
IO UI'POKA TAKZKE HMXKE 3HAYEHUs ONTUMAJIBHOTO II0POTa BTOPOTO MIPOKA.

O6o3uaunm 3a H ,?(ql ,q2) BBIUIPBII (OXKUIAEMOE 3HAUECHNE TIPUHATOI
C/IydaifHOl BEJIMYMHBI) WIDOKA 33 k IIAroB 0 OKOHYAHWs HAOJIOIEHUil
OpU YCTAHOBJIEHHBIX NOporax ¢; (mopor urpoka 1) u ¢a (mopor urpoxa IT)
B C/lydae, KOrJa CUCTEMA, '€HEPUPYIONIAs ClydaiiHble BEJIMYUHBI, HAXO-
aurest B cocroaunn G. Ananoruuno HP(q1,¢2) — sburpbiu 3a k waros
10 OKOHYaHUsT HAOJIIONEHUI TPY MOPOTax g1 W ¢ B CIydYae, KOrJa CUCTEMA
HAXOIUTCA B COCTOSHUHU .

Jlemma
[Tepen BBIBOJOM OCHOBHBIX (DOPMYJI BBIMTDBIIIA JTOKAYKEM CJIEIYOMLY IO
JeMMmy 00 apudMeTHKO-TeOMETPUIECKON MTPOTPECCUT.

Jlemma 1. ITycmwv nocaedosamenvrocms wucen Ay onpedessemcs cae-
dyrowum obpaszom: A = Ax_1B + C, 2de B,C' — xoncmanmaot.

Tozda
k—2

Ay =A B+ CY B

i=0

JIOKABATEJILCTBO. JloKa3aTeabCTBO MPOBEJAEM II0 WHIYKITUH.
1) IMokaxkem, uro dopmysia BepHa s k=2 u k = 3:

npu k=2 A = A1B+C,

2) Ilycrs dbopmyna sepua pus k = m, re.



Hrposast 3a1a49a nanydimero Bpioopa ¢ pa3Jia Ko 47

m—2
Ap =AB™" 1 +CY B
i=0
3) Hokaxewm, yro dbopmyna Bepua miust k =m + 1

m—2
App1=AnB+C=B {Ale_l-FC > B’} +C =

m—1 z.zomfl .

i=1 =0
49TO ¥ TpebOBAJIOCHh JOKA3aTh.
Caencrsue 1. Ecau 6 ycaosuazx Jlemmor 1 A = C, mo

k—1
, 1-B*
=A B'=A .
DI

3. OVHKIINN BLIUTPLIIIA

BbIarpblin 1epBoro MrpoKa ONpeesIsercs CIeAyOIUMI DKy PPEHT-
HBIMHA d)opMyJIaMI/I (k>1):

HS (g1, q2) = fHk (a1, g2 dx+fxdx+fp:v+ (1-p)HZ (¢, 1))dz |+
q1 q2
_ 2
+(1— )HP (q1,42) = HI (1, ¢2) (qn )" + [au +ap52 +
k—1
+a(l=p)(1—@)HE | (a1,1) + (1 — ) HE (q1,q2)] 100l
3nech

@ 1
Hi(q1,1) =a [{ HEY [(q1,1)dz + [ zdx

g1

—q? (a k—1
HE (1, Dlaa) " + [l + (0= ) f (0, 0)] 22

1—aq

+ (L= ) HE (@1,) =

q2

q1
JHEP ((q1,q2)dx + I(g2 < b) (f zdz+
0

g1

H/?(QDCD) =I(q < b)%

+ fb(px+(1 —p)H,?l(ql,b))dx> +1(g2 > b) fbxdx

g2 q1

o <) [P (@) (1w < DR 4 pP5E

2_ 2 _ (91 \k—1
+(1= D)~ @) HE (@,h) + e > )55 ) 27)]
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_(91\k
HE(q1,b)=1I(q1 <b)1 fHk L(q1,b d:c+f:vda: =I(qu <b) 5 G
q1

Bowrpoiiu Ha nocieguem mware (OKOHYaHUE PEKYPCUU) BbIYUCIISIOTCS
Ha OCHOBAHUM YCJ/IOBUHA

HS (q1,q2) = HE (q1,02) =0 Va1, qo.

®yaknusa Bemurpbiiia II urpoka
AHaJIOrHYHO BBIYKUCASIOTCH (PYHKIMH BbH/IprHHa IT urpoka (k > 1):

H (q1,q2) = lfHk (a1, ) dﬂ?+fHk 1 (1, q2)dz+

q1

+ f(szf_l(L@) + (1= p)z)da

q2

HE (1, @2)(aqn )" + (aH,f_1<1,q2)<q2 g +p(l— @)+

B (a k—1
+Oé(1 _p)l%qz + (1 — a)Hlf(qlan)> %7

+ (1 - a)Hi (q1,42) =

H (1,¢2) = « fHk 1(1,42) dx+fxdx +(1—a)H,f(b,q2):
q2

H{(1,q2)(ag2)" " + [aﬂ +(1—a)HB(®, Q2)] 1—(aga) 7t

1—age
2 24 (42\k
HE(b,q2)=1(g> < b)1 f (b, 2) da:+f:vdw] =I(gp <)’ 525l
0 q2
q1
Hf(q1,q2) =I(q2 < b)5 | [ HE 1 (a1, 02 d:v+fHk 1 (b, g2)dz+
0 q1

+f"<pH,i1<b,qz>+<1—p>m>dm — I(gs < b) [HE (g, )(5)F 1+

g2
2_ 2 (91 \k—1
+ (HEL (b.@2)(@2 — @ +p(b - g2) + (1 - p) 554 ) HE )]

B Tmabaumax 1 m 2 mpencTaBiieHBI Pe3yJILTATHL YUCICHHOIO MOJIEIIH-
pOBaHMSA 3HAYEHMUN ONTHMAJLHBIX IIOPOrOB IPUHATHS HAOIONEHHN IIpH
Pa3/IMYHBIX 3HAYEHUAX IapaMeTPOB «, b, p U n.

Kak BuaHo m3 TaOIUIl, YeM MEHBIINE YhCJI0 HADJIOAEHHH, TeM OOJIbIIe
PA3HUIA MEXK Iy 3HAYCHAAMHI OIITHMAJIbLHBIX IOPOroB IpHu (PUKCHPOBAHHOM
pasHuIe IPUOPUTETOB.
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TAbNIA 1. 3Hauenue ontumaabHbIx oporos I (IT) wur-
poka mpu n =10 / n =20, p =0.3

b/ 0.25 0.5 0.75
0.25 | 0.166 / 0.197 0.171 / 0.199 0.184 / 0.207
(0.178) / (0.204) | (0.182) /(0.206) | (0.195) / (0.213)
0.5 | 0.331/0.394 0.336 / 0.397 0.357 / 0.408
(0.355) / (0.408) | (0.360) / (0.411) | (0.380) / (0.421)
0.75 | 0.495 / 0.590 0.499 / 0.592 0.516 / 0.601
(0.531) / (0.611) | (0.535)/ (0.613) | (0.552) / (0.622)

Tasiauna 2. Oxupaembiit sbiurpsim 1 (IT) urpoka npu
n=10/n=20,p=0.3

b/ 0.25 0.5 0.75
0.25 | 0.230 / 0.250 0.301 / 0.319 0.415 / 0.430
(0.264) / (0.280) | (0.347) / (0.361) | (0.454) / (0.466)
0.5 | 0.404 / 0.446 0.448 / 0.485 0.525 / 0.557
(0.437) / (0.471) | (0.489)/ (0.518) | (0.564) / (0.590)
0.75 | 0.582 / 0.648 0.601 / 0.663 0.641 / 0.696
(0.617) / (0.670) | (0.640) / (0.689) | (0.680) / (0.724)

4. YACTHBIN CJOYYAT 1: n — o0

IIpeacrasisier unrepec npejebubie (mpu n — 00) HYHKUMU BBIUIPbI-
118 ATPOKOB.
BoImrpeIin mepBOro UTPoKa OMPEIENAeTcs CIeAYIONINMI PEKYPPEHTHBIMT
dbopmvynamu (k > 1):
G B-dq; 1-¢3 G
Hif (g1 @2) = [0%5% + 0p'5% + a1 = p)(1 - @) HELy (01, )+
+ (1 - a)HkB(qlan)] ﬁ;
1— 2
HY (g1, 1) = |05 + (1= ) HP (01,0)] 1
B BG—di
HE (01,02) = Iar < b) [ (T(az < b) (5% +
b2—d3 B b—qi,\ 1
+p=—52 + (1 =p)(b—@)H;Z(q1,b) + I(g2 > b)=—=" ) 5=
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H,?(ql,b) —I((]l <b) = th)'

®dyuknusi Bbiurpsbimia II nrpoka
Awnayornuno Boraucisaorces gopmysibl Bemrpbiia 11 urpoka (k > 1):

HY (g @) = (@H7 1 (1,e2)(@ — a1 +p(1 = 02))+
+a(l-p) i+ (1- ) HE (g1,02))

_1
1—agq’

HE (1,0 = [l + (- )1 0,0 i
HI?(baq2) - I(q2 < b) (b 42)7
HE (a1, 02) =1 (a2 <b) (HE, (b, 02) (02— a1 +p(b—a2))+(1-p) 52 ) A

5. HACTHBIN CJYYAN 2: BTOPOI UTPOK UMEET ABCOJIFOTHHIN
NPUOPUTET (p = 0)

Cutygait, Korga HaOJIIOIEHUE BCErJa MPEJOCTABIISIETCS] BTOPOMY HIDOKY.

5.1. KonedHnoe uncsio HabsrromeHnii. Bomrpoiin mepBoro urpoka, onpe-
Jlesisiercs cieayomuMu pekyppenrabivu dhopmyaamu (k> 1):

2 2
H{ (q1,92) = Hf (g1, ¢2) (aq )"~ + [Q% +a(l—g@)H (@, 1)+
1— a)HEB 1—(ag)* !
+ ( Oé) k (Q17q2):| 1—agqr
_ a2 —(agr ) ET
Hi (q1,1) = H (g1, 1)(aq)* " + [a352 + (1 — ) HE (01, b)] 22—,
2 2
HP (q1,92) = I(q1 < b) [HI (q1,02) ()" + (I(qz < b) (i

_ _ k—1
+(b— @) HE (@1,0)) + (2 > b) 52 ) ]

_ a1 \k
HE (q1,b) = I(qn < b) g 5"

q1

®dyuknusi Bbiurpsbimia II nurpoka
Awnasornuno Boraucisaorces gpopmysibl Bemrpbiia 11 urpoka (k > 1)
HI?(‘]IM]Q) = H(q1,¢2)(aqn)* =1 + (OéH/? 11,¢2) (g2 —qn) + at qz+

)kl

+ (1—a)HP (q1,92)) Ifen)

l1—aq ’

)k—l

HI?(lan):HlG(la(]?)( )k 1+[ : 2112 +(1_a)HkB(b7qQ):| %7
a2 \k
HE(b,q0) = I(qy < b) 52 1200

q2




Hrposast 3a1a49a nanydimero Bpioopa ¢ pa3Jia Ko 51

Hf(q1,q2) =I(g2 < b) [HlB(qh(h)( bl)k !
+ (HP @) (0 — ) + 52 S )].

5.2. Cayuaii n — co. Pyuxuus Bbrpbiua nepsoro urpoka (k > 1):
HE (g1, @) = [0 %55 +a(l—@) B (a1, D +(1 - ) HE (01, 02)| =
HE (g1, 1) = [0S + (1= ) HP (a1,0)| =
HP @) = T <) [(T@ <D+ 0 - @) HE 3 (@,0)+
N

b2 g2
HE (q1, )—I(q1<b)Tq1ﬁ-

®dyuknusi Bbiurpsbimia II nrpoka
®ynkuus Bbmrpseima II urpoka (k > 1):

HE (1, ) = (B, (1) (@2~ 1) + @' 58+ (1= ) HE (01,02) ) 4

(1,a) = [a'58 + (1 - ) HP (b,02)]
HP(b,g2) = I(g2 < b)75% 12
(

1
l—ag2’

b—gz2’
2_ 2
HE (@1,02) = 1(g2 < b) (B, (0, ) (0 — 01) + 5% ) 2

6. 3AKJIIOYEHUE

B crathe paccMoTpeHa WrpoBast MOCTAHOBKA 339U HAUJIYYIIErO BbI-
Oopa C pa3jaaKoii, B KOTOPOi [IBa WIPOKA MMEIOT DPA3IUYHBbIE MPUOPHU-
TeTbl NPUHATUA HaOonenwuii. IIpencraBieHbl Pe3yIbTaThl, MOLYY€HHbIE
[IpU MPOAOJKEHUH WMCCIeI0BAHUS KJIACCA 33a7a4 HAWJIYYIIero BbIOOpa C
pas3JiaKoil.

B pa6ote noydyennr (yHKIMY BBIMTPHIIIA UTPOKOB I OOIIIEr0, & TaK-
JKe YaCTHBIX CaydaeB (MpeleabHbIi caydaii npu GECKOHEYHOM YHCJIE Ha-
GJrIoIeHniA, CIydail aOCOTIOTHOIO IPUOPUTETA OJHOIO U3 UI'POKOB — KOHEY-
HbIA U 1peeibHblil BapuanTsl). IIpeacraBienbl pe3yibraTbl YUCIEHHOIO
HAXO0XK/IEHUsI ONTAMAJIbHBIX IIOPOTrOB UT'POKOB U OXKHUAEMbIX BBIMI'DbIIIE
MpU PA3JIAIHBIX TAPAMETPAX 3aJa4H.

Kak BuaHO U3 mpeIcTaBIeHHLIX TAOINI], HanOOIbIee BIUSHAE pacIpe-
JleJIeHNEe TIPUOPUTETOB MPUHSATHS HAOJIIOIEHUN MEXKIy UTPOKAMU OKa3bI-
Ba€T HA ONTUMAJbHbBIE TIOPOIU U OXKUJAEMbIE BHIMTPBIIIN 1P HEOOJIbIIIOM
yucjie Habarogenuii.



52

E. E. lBawmko

JINTEPATYPA

. Gilbert J. P., Mosteller F. Recognizing the maximum of a sequence. Journal of the

American Statistical Association, Vol. 61, No. 313, 1966, 35-73.

. ITupsies A. H. Crarucruydeckuii nociemsoBarebabiii ananus, M.: Hayka, 1976.
. Pozanos 0. A. Cayuaitasie nponeccol. Kparkuii kypc, M.: Hayka, 1971.
. M. Sakaguchi. A best-choice problem for a production system which deteriorates

at a disorder time // Scientiae Mathematicae Japonicae Vol. 54, No. 1, 125-134.

. Z. Porosinski and K. Szajowski. Random priority two-person full-information best

choice problem with imperfect observation // Applicationes Mathematicae, 27(3),
2000, 251-263.

. Bamko E. E. Muoromoporosas 3ajiada Hauaydmero BbIOOpa C MOTHOM uHMOpMAa-

nueit u pasnagkoit // Tpyasr UIIMU KapHIT PAH, Bem. 8, 2007, 11-15.

. Mazanos B.B., Usamko E. E. 3agaua nannyqmero Boibopa ¢ pasnagkoi // O6o-

3peHMe NPUKJIAJHON M NPOMBbINLIEHHOW MaTemaruku, 2007, T. 14, Bbin. 2, 215-224.



Tpyasr UTIMU KapHIT PAH

Boryck 9, 2008

VK 517.9

BAPVATIMOHHBIN IOIXO0/ K PENIIEHUIO
OBPATHOI 3AJAYY JETUAPUPOBAHUA

1. A. YEPHOB

B crarhe paccMaTpuBaeTCss BO3MOXKHOCTH MIPUMEHEHUsT KJIAC-
CUYECKUX METOJIOB BAPUAIMOHHOIO MCYUCJIEHUS U OITUMAJIb-
HOT'O YIIPaBJIeHHUs JJjis penreHus Ko3¢bduumenTHoi 00paTHOM
339N JIeTUIPUPOBAHUS, IIPEACTABIAIONIEH Co00il cucTemy
OOBIKHOBEHHBIX AubdEePEeHIINATbLHBIX Y PABHEHIN — CJIEICTBHE
3aKOHOB COXPAHEHUS.

1. [TOCTAHOBKA 3AJIAYU

MetrajioruipuiHble aKKyMYJIATOPbl BOIOPOIA SABJSIOTCI OLHUM W3
BO3MOXKHBIX PelleHuil m1poO/ieMbl XPAHEHH SKOJOIMIECKH YUCTOrO BOJO-
poauoro romusa [1]. Ha nepsblii miian BbIXOAUT KUHETUKA: CKOPOCTHU 0~
TJIOIIEHNUS U BbIIEJIEHNS BOJAOPOIA JOKHBI OBITh JOCTATOYHO BHICOKH. 110~
9TOMY aKTyaJibHA MATeMaTWYeCKas 337a49a OIEHKNW KOHCTAHT CKOPOCTEi
9JIEMEHTAPHbLIX HPOLECCOB (KOI(DMUIUEHTOB) 10 M3MEPAEMbIM JAHHBIM.
Takue 3a1a491 OTHOCATCS K KJIACCy OOPATHBIX U IPEJICTABIAIOT TAKXKe Y-
CTO MAaTEeMaTUYEeCKUN MHTEPeC.

Paccmarpusaem 3amauy Komwu mjisi cuctembr 0ObIKHOBEHHBIX audde-
pentmaababix ypasaenuit (OLY) — npocreiiinyo Moe/ b pacnaga Iil-
puna. 3-3a 3HAYATEILHOTO yMeHbIeHust myoTHOCTH (10 50%) mpm rug-
PUPOBaHMKM MaTepuas IpencTaBjser coboi MejKuil mopowok. ITosromy
paccmarpuBaem onay u3 N wactum nopoiika. Kommgectso N omnpemensi-
€TCs B 9KCIIEPUMEHTE C JJOCTATOYHO MAJION OTHOCUTEHHON MTOTPEITHOCTHIO.
Yacruna — map paguyca L. B nenrpe — ruapuanoe siapo paauyca p(t),
MTOKPBITOE KOPKOW MeTaJlJIa C PACTBOPEHHBIM BOIOPOaoM. KoHIenTpamn
COJIEP2KAILEr0Csd B I'MAPHUIE U PACTBOPEHHOro B ¢rase merasiia BOAOPOIA
o603nauenbl ) > 1 u ¢(t) > 0. PaBuoBecHy10 110 OTHOLIEHUIO K [HIPUILY

© WU.A. Yepnos, 2008
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KOHIEHTPAIUIO IPHHIMAEM 33 €AUHUILY. Y DABHEHUS BHIBOAATCS U3 32KOHA
COXpaHEHHs ¥ UMEIOT BuJ [2]:

#e = —bOSL + k(A —0)p®, () =co €[0,1], (1)

Q- )p = { —k®HQ (@)
p(0) = po € (0,L), = min{t: p(t) = 0}. 3)

Baecs b(t), k(t) — koadduLmenTbl, ONUCHIBAIOLIKE JIEMEHTAPHbIE IIPOLIEC-
bl (mecopOImio U pacnaj TUAPHIA); 3aBUCHMOCTh OT BPEMEHHU CBA3AHA C
HarpesoMm. Bpems t* okoHuaHus paciaja ruApua Takyke Hem3secTHo. [le-
copOrmonHbIit moTok nMeet sus J(t) = 4w L2b(t)c2(t). Tpebyercsa onpee-
surh yuxuuu b(t) u k(t) no usmepenusm ua [0,7] 1ecOpOIUOHHOTO 1O~
TOKA Jex (t) (orHECEHHOIrO K 47 N), 4TO NPUBOAUT K 334a4€ MUHMMU3ALUK
dyHKIIHOHAIA

—c¢) mpu p>0,

) —
I

o

=

kel

=

A

|

o

T
F(b(), k(),t") = / (B WL ~ Jeuv)) . (4)
0

PeasbHBbIi TOPOIIIOK COEPIKUT YACTHIBI PABTMIHBIX CIIOXKHBIX GOPM 1
pasmepoB. OUbIT OKA3BIBAET, YT0 (HOPMA JACTHULL HECYIIECTBEHHO BIIHSAET
Ha KHHETHKY [3] Jake B OJHOYACTHYHOM IPHOJIMIKEHUH, OJHAKO Pacipe-
JleJIeHHE Y9aCTULL 110 PA3MePaM 2KeIaTeIbHo y4ecrsb. Ilosromy paccmoTpum
noporok u3 N cdepruecKnx 4acTHIl ¢ JUCKPETHBIM PACTPE/IeTIEHHEM Pa-
JIMYCOB: TIYCTb JIONs ; dacTull umeer paauyc L;, tae i = 1:n. Ipea-
HOJIArAeM, 9TO BCE YACTHIBI B PABHBIX ycjaoBusAX. IIponeccsl B oT1e1bHOM
gacrue onucbiBaer Mojess (1)—(3) (Tosmpko Bemmyunsl ¢, L, p u t* umeror
uneKc 7). J1ecopOLUMOHHBIA NOTOK Telnepb CKJIaAbIBAETCH U3 JecopOuuu ¢
Pa3HBIX YACTHIL:

J(t) = z”: AT Nb(t)c? (t) Lip;.

Bamaua onpenesnenus b(t), k(t) u ¢t} mo uamepenusM Ha [0, T'] moToKA Jex ()
(orrecennoro K 47 N) IPUBOAUT K MUHUMHU3AIMK (DYHKIMOHAIA

T n 2
F(b(), k() 2/ (Z b(t)C?(t)L?%—Jex(t)> dt. (5)
0 i=1
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Yrouaum gomycrumoe MHOKeCTBO. OJIMH [IOJIXO, COCTOUT B TOM, 94TO-
6bl OTKA3ATHCs OT JII0OBIX OrPAHUYEHUI HA Olpe/ieisieMble napamerpbl b(t)
u k(t) (momumo raazkoctu). Torma umeeM KJIACCHYECKUE 3a/a49U Bapua-
nuoHHOro wcuncienns [4]. Ecin monydenHsiit pesysnbrar umeer dbusnde-
CKHil CMBICJI, 3TO ONPABJBIBAET CHATHE OrpaHWueHuil. Ecin mosydennbie
HapaMeTpbl HEAOIYCTUMbI (OTPULATENbHBI, HAPYIEHA MOHOTOHHOCTD UJIH
dusnvecku pazymHble IPAHULIbL), TO, BO3MOXKHO, CJE/YET YUeCTh HEY YTeH-
Hble B MOJIEJH dKCIEepUMeHTa bHble (DAKTOPhl. B mx wmcie HepaBHOMED-
HBIl Harpes oOpasia, HErepMeTUIHOCTh IKCIIEPUMEHTAIHHON yCTAHOBKH,
HETIOTHBIN BakyyM. B 9TOM ciiydae 11e1ec000pa3Ho yTOYHUTH MOJIEb.

Jpyroit moAX0/: UCKATHh ONTHUMAJIbHBIE TAPAMETPbI B HEKOTOPOM Ia-
pamMerpuyueckoM KJjacce (Kak IPaBUIIO, KUHETHYECKUe KOHCTAHTbI UMEIOT
APPEHUYCOBY 3aBUCHUMOCTb OT TEMIIEPATYPHI, 3AKOH HAIPEBA CYUTAEM 3a-
nauuabiM). Torma uMeem 4acTHBIR cilydaii 3a1a9u ONTUMAJBLHOTO yIIPABJIe-
HUSI C ONITHMM3AINNEN 110 BEKTOPY YIPABJSIONINX Mapamerpos. B crarbe
PACCMATPUBAIOTCS ITU MOIXOJIbI B OOpATHAS 32294 CBOJUTCS K PEIIEHUIO
cucreM qudpepeHnuaIbHbIX UIN aJIredOpandecKux ypaBHEeHHid.

2. BAJAYA BE3 OTPAHMYEHNI, OJHA YACTUIIA

PaccmoTpum sTam

[0,t*]. Beipasum u3 (2) XapakTepusyoIunii pacma,y
rugpuga napamerp k(t) =

—(Q — ¢)(1 — ¢)~tp n momcranum B (1):

b(t)*L* + (Q — ¢)pp®

=3 L3 — p?

Orciofa BeipasumM napaMerp b:
LS _ p3 ) Q —c. )
32 ¢ e ©)

TMoxcrasusis 310 Bipaxkenue B Gbynkunonan (4) wa [0, t*], moxyvaem sKc-
TPEMAJIBHYIO 3329y s QyHKIHOHATA

b(t) = —

+*

/(Jex(t) —M)Zdt—)min, M = (Q—C)H
0

3

Pewienue 3a1a4u TpUBUAJIBHO: M= Jex(t) 1

=
~
~
I
—~~
O
|
o
~
I

(Q—co)———
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Heobxonumo BeiOpars gonomauTebHoe yeiaosue. OrcyTcTBre orpanmye-
HUIl HA TAPAMETPBI TPUBEJIO K TOMY, YTO OJWH W3 IaPAMETPOB OLpe/Ieis-
€TCsl TIPM MPOU3BOJILHO 33JJAHHOM JIPYTOM.

Ipeanonoxum, uro k(t) uzsectHo; Torna u3 (2) moaydum

5+ k
qﬂziiz.

(9)
Iycrs A(t) = Jex(t), A(0) = 0; noacrasisem serpazkenne (9) B (8):
(Q"Qp+k>Lg_pSZ(Q—CMEi:£3+A@)

k+p 3 3

Ilocne HECTOXKHBIX TTpe0Opa30OBAHMIL:

(@ = D (L = ) = (@ - )L = 4) +3A(0).

PazpermuM oTHOCUTETHHO TPOU3BOAHOM ITO YpaBHEHNE MTEPBOTO MOPSIKA:

co(L? = p3) = (L* = p*) + Q(p§ — p*) — 3A(t)
(Q — co)(L? — pj) + 3A(t)

Havanbubie ycnoBus: p(0) = pg. Momenr okonuanus rugpupoBanus t*
onpegessiercd u3 yciosus p(t*) = 0. Pewas sry 3anaay Kowwm, nosyua-
em bynkumio p(t) u no Gopuyse (9) c(t). Oxonuarensuo b(t) = Jexc™>
OTmeTuM, 9TO U3MEPEHUsT OKA3BIBAIOTCH MO/ 3HAKOM HHTErpaJia, 9To obec-
[EeYUBAET ONPEJIEIEHHYI0 YCTORIMBOCTD K MOIPEIIHOCTAM U3MEPEHHUIA.

s srana t € [t*,T] umeem 3amady nerazauuu, rae p = 0, a KoH-
ueHTpanus nojuuHena ypastaenuio Lé = —3b(t)c?(t). Hauanbnoe yciosue
c(t*) umeem ¢ upenpiaymero srana. OyHKIMOHAN IPUMET BU

T
L? 2
/ <?c + Jex(t)> dt — min,

$*

p=k (10)

TaK uTo ¢ = —3L 73 Jex (1), OTKymA

CLé L)
3¢ (e(t*) — 34%(t))°

c(t) = c(t*)—3A%(t), b(t) = , AT = /Jex(g)dg.

Heobx0anMo0 yTOYHUTD, 9TO 3TH (HOPMYJIbI MEHEE TPUTOJHBI I TTPAK-
THYECKOr'0 UCIOJIb30Banusi. Bo-nepsbix, nu3mepenns GUrypupyor He moJ,
3HAKOM HMHTErPaJia; BO-BTOPBIX, IPU OOJIBIINX BPEMEHAX KOHIEHTPALUSI
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PACTBOPEHHOI'O B YaCTHUIE BOJOPOJA HU3KA, a OHA (PUIYPHPYET B 3HAME-
HaTesle B KBaJIpaTe.

ITycTs Tenepsb ussecren mapamerp b(t), a k(t) nmoaiekuT onpeaeIeHuro.
OrcyrcrBue B (4) napamerpa k MO3BOJISET BHIPA3UTH

Uckmounm ¢ nomoinsio ypasuenus (2) (npu ¢t < t*) napamerp k B ypas-
uernu (1) u nogcraBum c(t):

jexb - Jexb _ 3_JexL\/E - (LQ\/E Y Jex)ﬁp2
207/ Jox L3 — p3 |

IIpeobpasyem 310 ypaBHEHNE NEPBOro NOpsiaka s p(t):

_ b/ Tox - S B - L} — p?
S= 2b(LQ\/E_\/E)+L\/13Jex,5_<(LQ\/13 @)73 )

Mosyuyumu suneiinoe ypasaenue st S(t) ¢ HAYAIBHBIM YCIOBUEM

$(0) = (LQVA(0) ~ VIex0) (Z° — ) /3.

Pewas sry 3agauy Kowu, nosyuaem p(t) u spems t* u3 ycaosus p(t*) = 0,
a 1o p(t) u yxe uzsecrnoii ¢(t) Boraucisem k(t) no dpopmyie

—c. .

3. 3AJAYA BE3 OI'PAHUYEHUN, AHCAMBJIb YACTHUL]

JecopOInOHHBI TOTOK [1J1st TIOPOIIKA € PA3IMIHBIMI JaCTHIAMA CKJIa~
JIBIBAETCS U3 IIOTOKOB € Kazk10i dacTuupl. JJerupupoBanue 4acTul Kazxk-
JIOro pasmepa ommcbiBaercsa cucremoii (1)—(2). B momentsr Bpemenu ¢}
(KOrJa 3aKAHIMBAETCA TUAPU B YACTULAX OYEPEIHOIO Pa3Mepa) npaBas
9aCTh CHCTEMbI TEPIUT Pa3pbiB. 3a1a4a (5) nMeeT TPUBHAILHOE PellleHne

Z b(t)cf (t)L?(PZ = ex(t)'

B csere ckazannoro yn06uo usyuath ero na unrepsaznax [tj_,,tj], rae

J:1n+1,t3:0,t;+1:T
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Bsenem oboznadenue

J
J _ —
E; fm = E fmom, Efm= E; fm-
m=1
Scno, uTo E f;n, €CTh MaTeMaTHYeCKOe OKHUIAHUE 10 PACTIPEIETICHUIO Oy, .
Paccmorpum unrepsadn [0,¢}]. 3amucsiBast MOTOK, MOy YaeM

9B (12~ 00) (@ — i) = 8ex(t),

C yuerom coornoutenust (9) JJisi ¢; 1OAydaeM [OCJIEe YIPOILEHU:

LY —pd)\ _ 34, (1) o B
(W) = Mot kQ-1) Ai) = O/Jex(g)df; Moy, = const.

Kpowme Toro, napamerp b He 3aBUCUT OT pa3Mepa YACTHIIbI, IIOITOMY JIsI
1=2:n

(L?—p?a))’ (k+p(0)" | _ (L?—pw))’ (k+m®)° |
E+pit) ) (k+ Qi) k00 ) (k+ Q)"

COBMECTHO C TIPeABIAYIIUM yPABHEHUEM TTEPBOT0O MOPSIIKA, MOy YaeTCs 3a-
MKHyTas cHCTeMa Jijid HeusBecTHbIX p;(t) npu i = 1:n. Ona csomurcs K
cucreMe 1EPBOIO nopsijka u3 2n — 1 ypasuenuit. Moment ¢} onpejenum
u3 ycnosust py(t7) = 0.

Ha unTepsBanax [t;_l,t;] npu j = 2: n vactuisl 6onbmux (L, > j)
Pa3MepOB COAEPKAT THUIAPHUI, & OCTAJbHBIE JIUIIh BBIAEISIOT PACTBOPEH-
HBIl B MeTaJjIe BOIOPOJ,. 3aluIleM CyMMapHbIH IOTOK

gy (L) - ol L) 34,(0)
P\ k+pi(t) k(Q—1) k(Q—1)
Buecs My; = const, A;(t) = Jex(t), A;(t3 ;) = 0. Hesasucumocts b(t) ot

Jj—1
pa3Mepa JTaeT JIOMOTHUTEIbHbIE YPaBHEHUA: Isd ¢ = j + 1 :n

d (L?—p?(t)) (ktpi)” &

dt \ k+pit) ) (k+Qpr)’ = Lid
uanat=2:j
C; _ él
L2 L33
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Uwmeem n ypashenuii jis neussecTHbix DyHKuwii c;(t) upu i = ﬁ u
pi(t) upu i = j+ 1:n. (Ilopsaaok nonuxkaercsi: 2n — j ypaBHeHuil nep-
BOrO 1OpsijKa). Moment t OKOHYaHUsA IMAPUAA B YacTHUAX pasmepa L
onpezemum u3 yenosust pj(t;) = 0.

Teneps paccMoTpuM noceanuit uarepsad [tk , T|. Ypasaenns (nepBo-
ro nopsizaka) umeror Buz (Mo,+1 = const)

¢ ¢ —

3 m 1 B

E (Ll Ci) = M0n+1 - 3An+1(t), 12 2 = F, m=4:n,
mCm 14

Heu3BeCTHbIMU sABsoTCst Gynkuuu ¢;(t), i = 1 : n.

4. UAEHTUOUKAINS TAPAMETPOB

Tenepb paccMOTPUM APYTO#H MOAXOZ. 3aBUCHMOCTBH TAPAMETPOB OT
remneparypbl T(t) cuuTaeM appeHuyCOBCKOIi:

b(t) = by exp (‘1;7—&)) k() = ko exp <—Rf—’(“t)> ,

rae by, ko, By u Ej — nopjexkaiiye Onpee/ieHu0 KOHCTAHTbI (KMHEeTH-
vyeckne mapamerpbl), R & 8.31 Ixk/(monbp K) — rasoBas mocTostHHAS.
PaccmarpuBaem oany wacrtuiy mopomka. BBoasi HOBy0 (pa30oByio mepe-
MeHHyI0 a(t), nosydaem 3agady

a(T) — min, (11)
a= (b(t)cz(t)L2 - Jex(t))Q, (12)
., —b()PL? + k()(1 - ¢)p?
c=3 5 — o ) (13)
. kA -0)(@Q -7t mpm p>0,
P= { 0 mpm p=0, (14)
e(0) =¢o €[0,1], p(0) =po € (0,L), a(0)=0. (15)

D10 3318493 ONTUMAJIBHOTO YIIPABJIEHHMS], I/I€ KOMIIOHEHTBI BEKTOPA yIIPAB-
aenust ¢ = (bo, ko, Ep, Er,) — koucranrsl. Takue 3a1a4u paccMaTpuBaoTcs
B KJIACCHYECKOI T€OPUU ONTUMAJILHOIO ylpaBjeHus [5] — onruMusanus
[0 BEKTOPY YIPAaBJLIONMX NapaMerpoB. B HameMm ciydae 3a7ada mpo-
Ie: OTCYTCTBYeT ynpaBjeHue Kak (yHKImsa BpeMmenu. 3azady (13)—(15)
HA30BEM MCXO/IHOI CUCTEMOM.

ITepedbopmysiupyem 3anauy. Beeagem dasossiit sekrop z(t) = (a(t), c(t),
p(t)), a Bexkrop-dyHKUMIO npaBbix ydacreil oboznauum f(t,z,(). Tenepnb
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sagada umeer sug B(xz(T),() = z1(T) — min upu orpanuvenusx & =
ft,z,¢), z(0) = xo.

Beezem BeKTOp uMIyibCoB 1)(t), KOTOPBIH YOBIETBOPAET CONPSZKEH-
HOH cucTeMe 1) = —8, f - 1 ¢ KPAeBbIM yCJIOBUEM Y(T) = 0, B(z(T), ().
Bamerum, uro Yo (T) = 3(T) = 0, a 1 (t) = 1, Tak 9TO peanbHO cucrema
HMeeT Pa3MEepHOCTH JIBa M HyJeBOoe TpaHuvHoe yciosue. Tpebyercs emre
YeThIpe YPABHEHMUS JJis ONPEJIeNIeHUs] TApAMeTPOB, OHU B ODIIEM CIIydae
UMEIOT BHT

T
B((T), ) + / B f (¢, 2(t), ¢) - (t)dt = 0. (16)

B mamem ciaydae, pasymeercs, mepBoe ciaaraemoe pasHo Hyso. Orcyr-
CTBUE yNpaBJeHusa B Buie (GyHKINU BPEMEHN TO3BOJISET PACCMATPUBATD
UCXOJHYIO ¥ COIPSKEHHYI0 CUCTEMY HE3aBUCHMO (HCXOHAs CUCTEMa MM-
NyJIbCOB HE COIEPXKUT), TAK YTO BMECTO KPAEBOil 3aJa4u MMeeM JBe 3a-
maun Kommu. ITosTomy, mo cymecTBy, mMeeM CHCTEMY UeThbIpex ajarebpa-
nueckux ypasuenuil (16), KOTOpyIO peuiaeM 4YUCAEHHO (CTaHIAPTHBHIMU
cpeacramu). Ha kak10il urepanuu periaeM UCXOJHYIO CUCTEMY, I10JIb3Y-
SICh TEKYIIAMU 3HAYEHUSIMHA TTAPAMETPOB, & 3aT€M CONPSIKEHHYI0 CACTEMY
(mIpu TeKyIUX 3HAYEHUIX MAPAMETPOB M HaliJeHHOM (DA30BOM BEKTODE).

OrMeruM, 4TO B Cllydae paclpee/ieHus YaCTHIL 10 Pa3MepaM UMEeEM
COBEPIIIEHHO aHAJOTHIHBIN anropuTM. BMecTo nexoamoit cucteMbl pa3Mep-
HOCTH 2 OyIeT n TaKWX CHUCTEM; aHAJOTHYHO C COMPSKEHHOW CHUCTEMOiH
(Tak KaK MCXOIHBIE CHCTEMBbI JIJIg YACTHI, PA3HBIX PA3MEPOB HE3aBUCH-
mbi). Tlomyyaercsa cucremMa 4eTbipex ajreOpanvdecKux ypaBHEHUI, periae-
Masd YUCIIEHHO; HA KaXK/IOW WTepPAIUU PEIIaeTCs 7 UCXOIHBIX CUCTEM P
TEKYIUX MPUOJMKEHUSIX U 3aTEM N COIMPSIKEHHBIX CHCTEM.

5. PE3V/IBTATHI YNCJIEHHBIX SKCITEPUMEHTOB

Anropurmbl, uznoxkeHubie B naparpadax 2 u 4, ObLIM PEATU30BAHbBI
B cucreme Scilab v mpuMeHEHBI K 9KCIEePUMEHTAIBHBIM JTAHHBIM, [PEI0-
crassendbiM npodeccopom U.E. Tabucom (HUU dusuku um. B.A. Doka
npu CII6LY). s pemenus cucrem OJIY u anrefpandeckux ypaBHEHUit
MIPUMEHSIIUCh CTAHIAPTHBIE cpeacTBa Scilab.

Ha puc. 1 npuseziena kpusas b(t), nonydennas no ajropurmy §2 (omna
yacruua). MOHOTOHHOCTB OTCYTCTBYET, KDOME TOIO, MMEeTCsl «yXo B bec-
KOHEYHOCTH», CBA3AHHBIHN ¢ MaJIoil BesmduHoil ¢(t) B 3Hamenaresne. OgHako
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HAYAJIbHBIA y4aCTOK KPUBON HaIEXKEH (TO €CThb IIOrPELIHOCTH HE IPUBOJIAT
K Karacrpoduueckum nocsencrsusim). Bropas kpusas na puc. 1 — appe-
HUYyCOBa KpuBasi, npubauxamomasa b(t) cCpeaHeKBaJpaTUYHO Ha JAHHOM
yaactke. Ha puc. 2 mpuBegeHa COOTBETCTBYIOMAS IMJIOTHOCTH MOTOKA W
9KcnepuMenTaabHasa kpusas. Conagenne secbma rpyboe. OmHako 3HaYn-
TeJbHAS MPOCTOTA AJTOPUTMA, IIO3BOJISIET UCIIOJIb30BATDH €r0 JIJisl IIOJTy e~
HUST HAYAJIbHBIX MPUOIMKEHNH, & TAKZKE /1151 BBIABJIEHUS <«IIPOOIEMHBIX >
y9aCTKOB 9KCIEPUMEHTAIBHON KpuBOH. [JIaBHOE yCIOBHE BBITIOJIHSETCS:
napameTpbl MOJIEJIbHOU KPUBOU BOCCTAHABJINBAIOTCH.

MozKHO pacnopsiuThCs IPOU3BOJIOM B BbiOOpe k(t) s obecnevenus
6umzocTu b(t) K HEKOTOPOMY IIAPAMETPUUYECKOMY CEMENCTBY KPHUBbIX; Ta-
Kasl 3312498 MOXKET ObITb IIOCTABJIEHA U PELIEHA, TO €CTh CBEJEHA K CHCTEME
anrebpanueckux ypapaenuii. OHAKO OHU COJEPKAT NMPOU3BOIHDBIE U3Me-
PEHHii, 9TO MPUBOIUT K BHICOKOH IyBCTBATEIHHOCTH K MOTPENIHOCTSIM U3~
MEDPEHWI W 3aTPYIHAET MPAKTUIECKOE TIPUMEHEHNE METOIA.

Ha puc. 3 npuBeneHpl KpUBBIE IJIOTHOCTEH MOTOKOB: IIOJyYE€HHAS 110
asropurmy §4 ais ancambis uactur, (pacnpesenenune L; = 1072 - (3 5 6),
wi = (0.3 0.4 0.3)) u sxcuepumenranbiasg. CoBuajeHne jydie, 9eM Ha
puc. 2 (a/1s OJHO¥ YACTULBI paanuyca b - 10~3 coBmnasenue Takoe xke). Ha
puc. 4 npuseseHbl HopmupoBaHHbIe dha3oBbie nepementbie ¢(t) u p(t) (oa-
HA YACTHUIA). BBIYUCIUTEBHBIE SKCIEPUMEHThI IOKA3AJIM, YTO aJrOPUTM
pettenus (§4) cXOAUTCs JIOKAJIBHO: IIPU «ILJIOXUX» HAYAJIbHbBIX IPUOIIMKe-
HUSX aJTOPUTM HE CXOJIUTCS.
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3AIJAYA O PASMEILIEHUN

A. B. IIIunmoBA

B crarbe paccmarpuBaercs MOJIEb LyOIOJnU XOTE/JIMATA Ha
miockocTu. /IBe pupmbl pazmeniensl BHyTpu Kpyra. Paccmar-
pUBaeTCcs 3a7a9a MOUCKa IIEHOBOTO PABHOBECHS TPU (PUKCUPO-
BaHHOM pacroyiozkeruu GUPM ¢ 33/1a9a OTHICKAHU PABHOBE-
cust I pacrosioxkenns ¢pupMm. Kpurepmem onmTuMabHOCTH
SIBJISETCS TPUOBLIL, ToayueHHas ¢pupmavu. B caygae cum-
METPUYHOIO PACIOJIOKeHUs (PUupM HANIEHbI ONTUMAJIbHbIE 1e-
vBhl. B 3amade onTmMasbHOTO pasmenienws (GupM HaNIEHO
ypaBHEHWE, CBSI3bIBAIOINIEE ONTUMAJIbHBIE TTOJOXKEHUS (HUpPM
Ha IJI0CKOCTH. [IpeacraBiieHo npub/InKEHHOE YICI0BOE Pelle-
HFE 3TOTO yPABHEHUSI.

1. BBEJIEHUE

Buepsbie 3a1a4a 0 pa3menienuu Oblia paccMorpena B crarbe [1]. Bouio
[IPOBEJIEHO MCCIIEIOBAHUE MOJIEH JyOIIOIMKA XOTEJIIMHT HA PSAMOil.

B crarbe [2] Mogesns gyononnn XOTelInHTa PACCMATPUBATIACE Ha, [JI0C-
kocTu. Bhum onmcanbl 337a9u, BO3HUKAIOININE B CJIyYae PABHOMEDPHOTO
pacrpejiejieHusl HaCeJEHUs U B CJyvae, KOTJa 3a/aHa (PyHKIH MJI0THO-
ctu HacesieHus. Bpuia paccMoTpeHa NOCTAHOBKA 3a/a9u, KOra (byHKIs
MOKYIKK MPEJCTABICHA 4Yepe3 HA3HAYEHHYIO [IeHY Ha TOBAP U PACCTOs-
Hue oT (DUPMbL 0 TMOKyIaTess, B3gToe B KBajpare. [IpuBenen npumep
peIlieHnst 3a4a9u Pa3MEIIeHnsT HA TJIOCKOCTH, KOTaa (DYHKIUS TMOKYITKH
3a/12eTCA KaK CyMMa, KBQ/IPATOB 3HAYEHUI TIEHBI U PACCTOSHMUS.

B [2] nocraBiiena 3a1aua noucka paBHOBECHs, KOIJA 110J0xKeHue pupm
dukcupoBano. Torga cymecTByOT ONTUMAJIBHBIE IEHBI P U Do IS MAK-
cuMaJIbHBIX IpuobLTeit pupm. Takke paccMaTpuBaeTcs MpodIeMa IOUCKA
OTNTUMAJIFHOTO MECTOIOJIOXKEHUsST (DUPM HA TIJIOCKOCTH.

JlanHasi cTaThst MPOJOJIYKAET UCCIeI0BAHNE KJIACCA 3a7a4 O pa3Mellie-
Huu GupM Ha TWIOCKOCTHA. B cTaThe paccMaTpuBaeTCs MOCTAHOBKA, 3a1a9N

© A. B. IITunmosa, 2008.
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pasMelieHud B yCJIOBUAX PABHOMEPHOI'O PAaCIpe/le/ieHUsd HAaCeJeHud U 3a-
nannsa QYHKINN TOKYIIKU Yepe3 MeHy, MpeaaraeMyo (pupMoiil, 1 paccrosi-
HUE OT IMOKynaTeJsd 10 d)HprI. PaCCTOHHI/Ie onpenesdeTcda Kak €eBKJINI0BO.
Paccmorpena 3aa4a moncka IeHOBOTO PABHOBECHS MPU (PUKCUPOBAHHOM
pa3mernienun GUPM U 334394 ONTUMAJIBHOTO pa3Mernenusi GpupM Ha TJI0C-
KOCTH.

2. ITOCTAHOBKA 3AIAYU

ITycrs ropos npezcraBieH HA MIIOCKOCTH KPYTOM pajmyca 1 ¢ paBHO-
MEPHBIM pacIpejiesieHueM Hacesaenus . JIBoe y9acTHUKOB PhIHKA sIBJISIIOTCS
PABHOTIPABHBIMY U TIPEJJIATAIOT CBOW PEIIEHUsT OJHOBPEMEHHO.

ITycTs noKymare s HaxoauTcs B Touke (x, y). Torma byHKIMA NOKyIKY
OTIPEJIEJISIETCST CIIEYIOTIM 00pa30M:

i) =pi+ /(& —2:)? + (y —yi)? i = 1,2,

rue p; — leHa, npejjioxkeHHas -0 Gupmoit, (z;,y;) — KOOPAMHATLI
1-0#t (pUPMBI Ha ILJIOCKOCTH.

IIpubsiis puUpPMbI CKIAIBIBACTCA W3 HA3BHAYEHHOW IEHBI HA TOBAP H
KOJIMYECTBA, MOKYTATE e, KOTOPhIE OTIAJIM MPEANOYTeHne 3Tol dupme,
1. e. H; = p;S;, tne H; - npulbbLIb -0if PUPMBI.

Tpebyercst pemuTh CIeayIoNne 3a1a90:

1) Haiitu onruMasibHble LEHBI, KOTOPbIE IPEMJIOKAT (DUPMbI, UCXO-
Jisl U3 CBOErO MECTOIIOJIOJKEHUSI, T. €. HAWTH TaKHe LEHBI Pi U P, 9TO
Hy(p1,p3) < Hi(py,p5) u Ha(py,p2) < Ha(py,p3) A Vpy, pa.

2) Haittu nosioxkenne paBHoBecus njist dbupM, T. e. HailTH Takue ki n
k;, 9TO Hl(kl,k;) S Hl(kf,k;) n Hg(kf,kg) S Hg(kf,k;) JJIA Vkl, kg.

3. HAXOYK/JIEHUE IIEHOBOT'O PABHOBECHUS TTPU ®PUKCUPOBAHHOM
PACIIOJIO?KEHUN ®UPM

ITycrs nepsas dupma pacnonoxena B touke (ki,0), a Bropas — B
rouke (k2,0) (puc. 1), uena na ToBap y 1€pBOil (GUPMBbI BbIIE, YeM y
BTOPOHi: p1 > Pa.

Haiinem xpuByto, KoTOpas paszensier ase objactu S u Ss:

prH(@—k)?2+y2=ps++/(x— k)2 + 92

Kpusas npezacrasisier coboit rumepoosry:

RS 2
(z a2¢) _12_2 _q, (1)

- 2 ki+k
rnea=B3R2 b=/F —a% o=k —ky, ¢ = A2,
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08 | 1

0.6 4

04 1

0.2 |

(k1.0) (k2.0)
02| i

04+ 1

-0.6 1

-0.8 | 1

-1 -08 -06 04 -02 0 02 04 06 08 1

Puc. 1. Pacnonoxenune ¢pupM HaA ITOCKOCTH

Bomrpeimu urpokos umeror sun: Hy = p1.Sy, Hy = p2.Ss.
Pasnaosecue no Hamy mony4unm, ucxoas u3 yCcaoBuii:

oH, =S1+P1%:0

oht 05 2)
s =2t P2y, =0

Haiinem xonmdecTBO mOKymaTesei Ijisi epBoOit (hUpMbI:

S = —ablna-{—:cg\/l — a2 + arcsinzy + g—

o 8
2 \/ zo — )2 —a® 4+ baln|zy — ¢ + /(2 — )% — a?|,

rae oy = LYYP D = a?(—02 + 02+ a® + 0+ a2?), a3 = —a+ .
Tak Kax PBIHOK HpeACTaBJeH Kpyrom, 1o S; + Ss = w. I3 Toro, 4aro
Oa _ _ Ba 951 _ _ 051
o = s CHEAyer, uTo Il = —FoL.

Toraa nosyyaeMm ciieIyIOnyo CUCTEMY YPaBHEHUI:

oH, _ 081 _
oy =Sty =0 (4)

OH, _ . 351 _
Op2 =7 Sl +p2
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Touka, yunoiserBopsoiias cucreme (4), siBiafeTCs TOYKOI LEHOBOIO
paBHOBecus Ipu (PUKCUPOBAHHOM IOJIO2KEHUU ABYX (DUDPM.
Ciemyer 3aMeTuThb, 9TO U3 CUCTEMBI (4) MOKHO BBIJEIUTD AHAJIUTHYIE-

CKHE€ BBIpAaXKE€HUA IJId Sl u g—ill B ClIy49ae€ PaBHOBECHBIX IIE€H:

TP1
S = — 5
! p1+Dp2 5)
651 m

- (6)

o1 pL+p
Torma mpubbLu (pupM IPU PABHOBECHBIX IIEHAX OYIyT COOTBETCTBEHHO
PAaBHBI:

2 2
1 TP
=——— Hy=—"". (7
p1 + P2 p1+ P2
Paccmorpum ciygail CHMMETPUYHOTO pPACToNioKenus: pupwMm, T.e. ky =
—k1 = k. lena na ToBap y nepBoii (DUPMBI BBIIIE, 3HAYUT, €€ MPEITOYTET

MEHbIIIE YeM MOJIOBUHA MOKYNaTeNIeH, T.e.:
T

S1 < 3.

U3 cucrembr (4) mosyumm cooTHOIIEHME T = S (1 + g—f). Tak Kak
D1 2 P2, TO:

S > 7.

U3 nosry9eHHbIX COOTHOIIEHUi CIIEIAYET, 9YTO B CJIYYae CAMMETPUIHO-
ro pacmnosnoxenus (GpupM pemeHne cuctembl (4) CymecTByeT TONbKO Mpu
PABHBIX TEHAX P; = P2 U, COOTBECTBEHHO:

H,

S1= 3.
ITpn ky = —k; = k B yciaoBun paBHOBECHBIX IeH U3 (3) mOIydYHM:
051 VE2 +1 kl 1+V1+k2
— =—-———-ln|———|.
6]71 2k 2 k
Torua, Bbipasus u3 cucrembt (4) p; 4 pa, HOLy4UM:
* * U (8)
=P = g RV
=+ kln

4. 3A,ZLA‘IA IIONCKA PABHOBECHUA [OJIdd PACIIOJIOZKEHUA IBYX OUPM

B 3amade mouncka 1meHOBOTO paBHOBECHS (DUPMbBI UMEIN (DUKCHPOBAH-
Hoe nostozkerne. [Iycts Tenepb pupPMbI MOTYT MEHATH CBOE MECTOIOIOXKE-
Hue.
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Paccmorpum mpobsiemy 1moncka paBHOBECHUS [Jist PACHOJIOXKEHUS JIBYX
dupm. T.e. chopmyupyem 3aja4y ciepyromum odOpasom: Haiitu Takue ki
u k;, qTo Hl(kl,k;) S Hl( I,k;) n HQ( I,kg) S HQ( T,k;) JJIA Vkl, kg.

IIycts ks durcuposano. Torma 3a1ada mOuMCKa PABHOBECHs MPEBPa-
TUTCH JJI TepBOil (PUPMBI B 33149y OTHICKAHWS TOJIOKEHWST, B KOTOPOM
sta dupma OyIeT Moy IaTb MAKCUMAJIBHYIO TPUObLIL. 3aMETUM, YTO IIPU
GUKCHPOBAHHOM ITOJIOKEHUN MTEPBOIT (PUPMBI IIEHBI P; U Po OyAyT BHIOH-
paThCs KaK pelleHune 3aJadd IeHOBOro paBHOBecus. B cuiy (4) u Toro,

qTOo % = —2—511, TOoJIy9aeM ypaBHEHUE [IJId TONMCKA dKCTpeMyMa:

8H1 o < 651 apg 651> -0 (9)

o P\ "o ok ok
P2

HaiiieM BbIpaskeHne 1uist 2E2 . HexXOms 3 (9).

ok
_ as _ as .
IIycts F} = 54 +p18—p11 nF=7m-25; +p26—pll, TOTJA MOy IUM, ITO:
9 _OF, 0F> | OF: OF,
P2 " 9p1 Bk dp1 Ok (10)
6k1 —  9F, 0Fs _ OF; OF>
Op1 Op2 Op2 Op1
AF1 _ 585, 9%81 9F1 _ _8S1 . 9°S1 9F> _ 35 825,
TAC Bpr = 23p1 Tn op? ’ dp2 —  9p1 D1 op? ’ dp1 —  9p1 +p2 op?
OFy _ 9881 _ ., 8%°S1 8F _ 8S: 8°S1  8Fy _ 95 8%5;
opa 281)1 P275,7 5 Bk T Ok t Pigpok e 9k — —oky T P28piok -

J1j1s1 TOMCKa paBHOBECHS MOXKHO TOCIEIOBATEIHHO PEIATh YPABHEHUE
(9) must pasubix dupm.

B tabsmme 1 mpuBemeHbI HEKOTOPBIE PACYeThI i BHIOPAHHOTO Ha-
JasbHOro nosioxkenus ky = —1, ks = 1. IlepBas urepanun npon3BOAATCS
JUIsT TIOWCKA, HAMJIYYIIero MOJIOXKEHUs nepBoil (pupMbl pu (DUKCHPOBAH-
HoMm ko = 1.

Crreiyer 3aMeTUTb, 9TO MOCTIEI0BATELHOCTD PEIIEHUN CTPEMUTCH K
TOYKE, B KOTOpO# k1 = —ko u p; = po. HeficrBurensro, korma ky = —ko
U P = P2, TO ONTUMAJBHOE TOJIOKEHHE PUPMbI OyIeT B 9TOM Ke TOUYKe,
TaK KaK 337[a9a CAMMETPUYIHA.

Paccmorpum ypasuenue (9) npu po — p1 u ko — —kq.

Haiins cooTBeTCTBYIOMIME BHIPDAXKEHUS [IJIsT TPOU3BOIHBIX, TIOTY IUM:

% —+1 % -0
Ok1 e ’
9%S, Lo 1-V1+k | V1+E
8p18k1 4 kl 4]6% '

IMoacrasus B (10), a 3arem B (9), HOLYyYUM CJIELYIOIIEE yDABHEHUE:
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1+ 3p; (iln - ki+k% + %ﬁ)
1-— 3 0
TasnunaA 1. Ilonoxkenune ¢GupmM, yI0BIETBOPSIONIEE
ypasHeHuo (9)
Ne mara, k1 ko p1 P2 H; Hoy
1 -0.412 1 1.35488 | 1.05116 | 2.39689 | 1.44273
2 -0.412 | 0.6068 | 1.11025 | 1.53866 | 1.81626 | 1.53866
3 -0.531 | 0.6068 | 1.14794 | 1.11158 | 1.83219 | 1.71797
4 -0.531 | 0.5598 | 1.11525 | 1.1017 | 1.76254 | 1.71998
5 -0.5495 | 0.5598 | 1.11983 | 1.11494 | 1.76287 | 1.74752
6 -0.5495 | 0.5524 | 1.11459 | 1.11322 | 1.75187 | 1.74757
7 -0.552 | 0.5524 | 1.11519 | 1.115 | 1.75188 | 1.75128
8 -0.552 | 0.552 | 1.1149 | 1.1149 | 1.75129 | 1.75129

Boipasum p; uepes ky:

2
P o= . (11)
31y 1—4/1+k2 \V1+k2
it ky BT

Takum 06pa30M, Mbl HOJYYUIA COOTHOLIEHUE, BhIpazkarollee 3aBUCK-
MOCTb 1I€HbLI OT IOJIOKeHus (PUPMbI Jijls TOYKU PaBHOBECUs, B KOTOPOM
ki = —ky m py = po.

Tak kak B (11) k1 = —ko, TO Takke crupasemiuso (8):

™

p p
1 2 ‘
1/k2+] k] ]+1/k]+k2
TOI‘,ZLa I10JI y qJaeM C.Heﬂ y IOHLee y paBHeHI/Ie:

T 2
- = (12)
NESURPEREERviE S 3(%111‘1*“;7 +%1k+—’“)

Perrenne (12) Gyer yaoBJIeTBOPATH 3a/jade TIONCKA PABHOBECHS.
ITpnbanxkenuoe pemenne (12): k* ~ 0.5521.

IMoxcrasue B (11), momyanm:

p* ~ 1.1150243021701.

ITpubbuib dbupm paccunrbiBaem 1o dpopmyie (7):
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H, = Hy, =~ 1.751476078136.

5. SAKJIIOYEHUE

B craThe npoBezneno uccienoBanue 33/1a91 O PA3MEIIEHNN Ha MIJI0CKO-
CTU B CJIy4ae PaBHOMEPHOI'O PACHpPEJIE/eHrs] HACETIeHUs. 3aTPAThl MOKY-
nareJisi Ha IpUOOpPETEHre TOBAPA CKJIIABIBAIIUCH U3 CTOMMOCTH TOBApA U
PACCTOsIHUS OT MOKYyHATess 10 (PUPMBI, KOTOPOE ONPEIeJIsiioch KaK eB-
KJIAIOBO.

B cayuae dukcrupoBaHHOTO 0/102K€HUS (DUPM HA, TLIIOCKOCTH TIOJTY Y€HbBI
AHAJIUTUIECKUE BHIPAYKEHUS [IJIsT KOJMIECTBA, MOKYMATEIEH U MOy YaeMOoit
npubouin. B ciaydae cuMMeTpuIHOTO pacrooxkeHus: (pupM HaMIEHBI OII-
TUMAaJIbHBIE TEHDI.

s 3a/1a9M OMCKA ONTUMAJIBHOTO PACIOJIOXKEHNsT (DUPM yCTAHOBJIE-
HO, 9TO PEIEHNEe MMEET MECTO MPU CHMMETPUIHOM pacmojoxkenuu. [lo-
JIy4eHO ypaBHEHHE, CBA3BIBAIOIIEEe MECTOIOIOKeHne (hUPM HA TIJIOCKOCTH.
[IpeacraBieHo ero YuCI€HHOE PEIIEHUE U COOTBETCTBYIOIIIE 3HAYCHUS 151
ONTUMAJIBHBIX TEH U MOy 9aeMOil MpUObLIH.
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OIITNUMAJIBHOE VYVIIPABJIEHUE OYEPEJIBIO C IBYMZI
IIPUOPUTETAMMN B ITAMATN OJHOTO YPOBHMA

E. A. AKCEHOBA

B crarpe paccMmorpena 3ajada yHIpPaBIEHHUH [IBYXIPUODUATET-
HOII 0Yepenbio, npecTasieHoi B Buae aByx FIFO-ouepezeii,
JJIsL TPeX CII0c000B OpraHM3aIy XPAHEHUs [TAHHBIX.

Pabora Bbimonsena npu dpunancoBoit noiepxke PODU,
rpanaT Nw06-01-00303.

1. TIOCTAHOBKA 3AJAYN

Bo muorux mpuimoxkenusx Tpebyercs oOpabOTKa 3amuceil ¢ ymopsio-
YEHHBIMU OIPEIEJIEHHBIM 00pa30M KiitodaMu. JacTo HAKAILJINBAETCS HEKO-
TOPBIA HAOOD 3amuceil, MOCae 9ero 00padaThIBAETCS 3AMKUCH C MAKCAMAJTh-
HBIM 3HAYEHWEM KJIIOYa, 3aTeM, BO3MOYKHO, HAKOIIJIEHHE 3amuceil mpoIo-
2KAETCs, 3aTeM 00pabATHIBAETCS 3AMKUCH ¢ HANOOBIITUM TEKYIIAM KJIIOIOM
u 1. g1. CooTBETCTBYIOIIAS CTPYKTYPa JAHHBIX, HOJIEPKUBAIONIAs OIe-
panuu BCTABKM HOBOIO JIEMEHTA W YAAJEHHs SJIEMEHTA ¢ HAMOOJIBIIIM
[NPUOPUTETOM, HAa3bIBAETCS OYEepe/IbIo ¢ mpruopnuTeramu [1,2].

Paccmorpum odepenn ¢ AByMs MPUOPUTETAMHU, PACIOJIOKEHHYIO B 00-
JIACTHU TAMSITH Pa3Mepa 1M eauHnll. TaKyio MTPUOPUTETHYIO OY€PEeIb MPEe/I-
crasuMm B Buje aByx FIFO-ouepeneit. Ilepsoit FIFO-ouyepean npucsonm
npuopurer 1, sropoit FIFO-ouepenu — npuopurer 2. Hausbicmuit mpuo-
purer 2. Bynem cuamtarh, 9TO BpeMs AUCKPETHO. B KaXKIbIii MOMEHT Bpe-
MEHHU MOTYT MPOW30ATH CJIEIYIONINE OTEPAIIUN:

® BKJIIOYEHHUE HJIEMEHTA C IEPBBIM IPUOPUTETOM C BEPOSITHOCTHIO D1
(Brurouenue snementa B nepsyio FIFO-ouepenn),

® BKJIIOYEHUE IJIEMEHTA, CO BTOPHIM MPUOPUTETOM C BEPOSITHOCTHIO
p2 (BRIIOUEHHE 351eMenTa BO Bropyio FIFO-ouepens),

® HCKJIIOYEeHNe 3JIeMEHTa M3 OUePe/In C BEPOSTHOCTHIO ¢,

© E. A. Axcenosa, 2008
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® ouepe/b HE M3MEHseT CBOEH JJIMHBbL C BEPOATHOCTHIO ' (TOJIBKO
YTEHUE MJIM OTCYTCTBHUE OLEPALUK),

rae p1 + p2 +q+r = 1. Uckiouenne 3meMenTa u3 09epean MPOUCXOIUT IO
HAWBBICIIIEMY TIPHOPUTETY. JTO 03HATAET, uTO MOoKa Bropas FIFO-ouepenp
He TyCTa, C BEPOATHOCTHIO ¢ UCKIIOUEHNE IIEMEHTOB MTPOUCXOIUT U3 ITOU
ouepenu. Kax toiapko Bropas FIFO-odepens cramer mycToil, ¢ BEpOAT-
HOCTHIO ¢ UCKJIIOYEHHE 3JeMEeHTOB Oyaer mpoucxomuth u3 nepsoit FIFO-
ouepenu. [lpu nckiouenun ssreMenTa u3 mycToil oYepeau He IPOUCXOIUT
3aBepirenne paboThl.

Paccmorpum mocsie1oBaTeIbHBIN, CBI3AHHDBIN M CTPAHUYIHBIN CIIOCOOBI
opranmsarmuu FIFO-ouepeneit. Heobxomumo onpenennTsh, Kak paclpee-
qurh namarh Mexay FIFO-odepensvu B 1mocsieoBaTeibHOM Cocobe, u
KAaKOW M3 CII0COOOB OPraHu3amyuu O4Yepesieil sABJsieTCd ONTHMAaJIbHbIM. B
Ka4eCcTBE KPUTEPHUs ONTUMAIBLHOCTU PACCMOTPUM MAKCHMAJIHLHOE CPE/IHEE
BpeMst pabOThI C TPUOPUTETHOM 0YEPEIBIO 0 TEPETOTHEHNS BbIIEJIEHHOTO
obbema TaMsITH.

2. ITOCIEDTOBATEJJILHOE NPEJCTABJIEHUE

B mocmemoBarensrom crnocobe oprammsanmu kKaxkaoi FIFO-ouepemm
BBIJIEJIEHO HEKOTOPOE KOJMYECTBO EIWHUIL TaMATH U3 JAHHBIX 11 €I1-
uuil. IlycTs s — KOJIMYECTBO €IMHUIL TAMSATH, BhIAeNeHHbIX mepBoit FIFO-
ouepenu, Tora (m — §) — KOJAMYECTBO €AMHUL, IAMATH, BbIICJIEHHBIX BTO-
poit FIFO-ouepeu (Puc. 1).

KoHew
ouepean

Hauano
ouepea

Puc. 1. IlocnenoBarenbHOe IpeaCTABICHAE

2.1. MaremaTn4decKasi MoJeJIb 1 MaTpuUIla BEPOSAATHOCTEN IIepexo-
moB. Ob6ozunaunm tekymue anuabl FIFO-ouepeneit 1 u 2. B xagectse
MaTEeMAaTUIECKON MOENN TPOIECca pabOThl ¢ MPUOPUTETHON OYepeIbio
paccMoTpuM Ciay4daiiHoe OJ1yzKIaHKe 110 LEJ0YMCIEHHON PelleTKe B By X-
meprom npocrpancrse 0 < 1 < s+ 1,0 < 29 < m— s+ 1 (Puc. 2), rue
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1 = $+1, 22 = m—s+1 — norsom@IMe SKPaHbI, IIONA/IAHKE HA KOTOPbIE
xapakTepusyercs Kak nepenonnenue oiuoii uz FIFO-ouepeseit, (—1,0) u
(0, —1) — orpazkaoliue TOYKH, T.K. TOJHKO B COCTOSHUU L1 = X2 = 0
BO3MOKHO WCKJIIOUEHUE W3 MycTOi odepenm. VICKaiouenne 371eMeHTOB W3
nmepBoit FIFO-ouepean MOXKeT mMPOUCXOIUTH TONBKO TP T2 = 0.

X1

s+1

s

Kl m-s+1

X2

Puc. 2. Obnacts O/yKaaHus mpy TOCIEI0BATEIHHOM TPEICTABICHUN

Bayxnanne naunnaercss B Touke r1 = 2 = 0. Heobxoaumo ompese-
nuTh Takoe 3uadeHne 0 < s < m, 9T00bI BpeMst 0Ty 2K IaHUs 10 ITOMAJAHIST
Ha, TOTJIOIAONINE SKPAHDBI ObLTO MAKCHMAJIBHO.

Paccmorpum caydait, Korga B OU€epean XPAHATCA JAHHBIE, JIIUHA, WH-
dOpMAITMOHHONH YaCTH KOTOPBIX paHa L > 1 emmuun namsaru. [Ipemamo-
JaraeM, 9T0 m KpaTtHo L. KommdaecTBo 3/1eMEHTOB B 3TOM CIydae PaBHO
m/L. B kauecTBe MaTeMaTHYECKONH MOJEIN B 9TOM ciydae OyJeM nMeTh

X1 4

s+1

A %—5:1
>
-4 Xg

Ll

Puc. 3. Obnacrs Gayxkaanus, KON JJIMHA THOOPMA-
MOHHON YacTu paBHa L

ciydaiiHoe OJIy»KJaHue M0 NEJOYNCIEHHON DeIleTKe B JIBYXMEPHOM IIPO-
crparctBe 0 < 1 < s+ 1,0 < 22 <m/L—s+1 (Puc. 3), tne 1 = s+ 1,
z2 = m/L — s + 1 — nornomatonire sxpansl, (—1,0) u (0, —1) — orpaxa-
IOLIUe TOUKM.
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Bayxmanne nagunaercs B Touke 1 = T2 = 0. Heobxomumo ompeme-
Juth Takoe 3uadenune 0 < s < m/L, 4yrobbl Bpemst Oy aaHus JI0 11011a-
JIaHUS HA, MOTJIOIIAIOIINE SKPAHBI OBLIO MAKCUMAJIBHO.

Eciu B npon3BONbHBII MOMEHT BPEMEHU MPOIIECC OJTy K JAHWST HAXOIUT-
Csl B COCTOSHUY (X1, T2), TO B CJELYIOIIUI MOMEHT BPEMEHU OH II€PEXOIUT
B cocrosinue (T}, xh), Koropoe oupesensaeTcs IPaBUIaAMU:

(z1,x2) b, (zf,z5) ={(z1 + L,22), 0< 21 <5, 0K 22 < — 55

(z1,22) 2 (2, 24) = {(x1,22 + 1), 0< 21 <5, 0< a2 <M — 85

Vo)

. (x1 —1L,x2), 0< @y <8, w2 =0;
(x1,m9) — (2], 25) = ¢ (z1,220—1), 0< 21 <8, 0< a2 < — 85
(x1,22), @1 =0, 9 =0;

(z1,22) = (2, 2%) = {(z1,22), 0< 21 <8, 0Kz < m—s.

Ecnu pnwaa naOpPMAIMOHHON YacTH dJeMEHTa B odepean pasBHa L,
TO BMECTO M B 9TOM Cjy4dae Oyzem paccmarpusarb m/ L.

Cuyugaitnoe Gayxaanue Oy/ieM pacCMaTPUBATH KAK KOHEYHYTO OJIHO-
poxHyto morsorarolyto nerns Mapkosa [3]. IIponymMepyem HeBO3BpaTHBIE
COCTOSIHWS [ENW TaK, Kak mokasano rpadudeckn (Puc. 4). Konmgecrso
HEBO3BPATHBIX COCTOSTHMUIT B Takoil nenu paBHoO (s + 1)(m — s+ 1). Hanpu-
Mep, gt m = 6,5 = 4 KOJIM4eCTBO HEBO3BPATHBIX COCTOAHUIT paBHO 15

(Puc. 4).

X1
s+1=5

Puc. 4. Obnacrs OiyKIaHus ¥ HyMepalus HEBO3BPAT-
HBIX COCTOsHMI ipu m = 6,5 = 4

Paccmorpum Marpuily () BEPOSTHOCTE MEPEXOOB 13 HEBO3BPATHBIX
cocTosHuil B HEBO3BpAaTHLIE. [Ijisi pasMepa maMATH 1M 1 3a1aHHOTO § Pas3-
mepHocTb Marpuupl @ 6yger (s + 1)(m—s+1) x (s+1)(m —s+1).



OnruMabHOE yIPABJIECHHE O9EPEIbIO C JBYMsI IPHOPUTETAMU 77

Teopema 1. Mampuuya @ npu 3adannott HYmMeEPayuy, pasmepe Namamu
m u 3adannoli seauvune s > 0 umeem caedyrouwut 6ud:

AG+1)x(s+1)  Bls+)x(s+1) 0
Clax)x(s+1)  AGt1)x(s+1)
Q= Clo+1)x(s+1) -+ Blst)xs+1) ;
At x(s+1)  Bls+1)x (s+1)
i
0 Cis)x(s+1)  Alt)x(s+1)
20e
T p1 0
T p1
A(S+1)X(S+1) = e PR )
T p1
0 r
r+q p1 0
q r p1
i —
A(s+1)><(s+1)* q ... ... R
N 1
0 q r
q 0
q
B(s+1)x (s+1) = )
q
0 q
D2 0
D2
Cls1)x (s+1) =
D2
0 p2

JIOKABATEJILCTBO. NHayKnus NpOBOIUTCS MO PAa3MeEPy HMaMITH M.
1) Iycrob pasmep mavsaru m = 2, s = 1 (Puc. 5). Pa3mepnocts maTpu-

X3
s+1=2

Puc. 5. Obaacrs buyKaaHus U HyMepalus HEBO3BPAT-
HBIX COCTOSIHUM nipu m = 2,s = 1
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ubl ) 6yner 4 X 4, 1 MATPULA UMEET BHU/L

T p1 q 0

0 r 0 q
Q =

p2 0 |r+qg pm

0 p2 q r

Iycts m = 6,s = 4 (Puc. 4). Pazmepuocts marpuiis ( Gyaer 15 x 15,
U MaTPHIA MMEET BH/I

r p1r 0O 0O O0]gqg 0 0 0 0 0 0 0 0 0
0 r p. 0 0|0 ¢ 0 0 0 0 0 0 0 0
0 0 r p. 0]0 0 g 0 O 0 0 0 0 0
0 0 0 r p |0 0 0 q O 0 0 0 0 0
0 0 0 0 r|O0O 0 0 0 ¢ 0 0 0 0 0
p2 0 0 0 O|r pi. 0 0 0 q 0 0 0 0
0 p 0 0 0]0 r p 0 0 0 g 0 0 0
Q=] 0 0 po 0 0|0 O r p O 0 0 ¢ 0 0
0 0 0 p 0|0 0 O 7 pi| O© 0 0 gq O
0 0 0 0 p2| 0 0O O 0 r 0 0 0 0 ¢
0 0 0 0 0 ps 0 0 O 0 |r+tq p.r 0 0 0O
0 0 0 0 0]0 p 0 0 0 q r p1 0 0
0 0 0 0 0[]0 0 p 0 O 0 ¢ r p1 O
0 0 0 0 0]0 0 0 py O 0 0 ¢ r m
0 0 0 0 0]0 0 0 0 pa| © 0 0 q r

2) Ilpeanosnoxkum, 4ro jis pa3mepa namstu m = d — 1 u 3alaHHOrO
3HaveHns s > 0 BBINOJHSETCS yTBEPIKIeHNe TeopeMbl. KomaecTBo HEBO3-
BpATHBIX COCTOsiHMI B 1enu paBHo (s + 1)(d—1—s+1) = (s+1)(d — s).
Pasmepnocrs marpuupst  6yzer (s+1)(d —s) x (s +1)(d — s) u marpuna
nMeeT BHJ

At x(s+1)  Bls+1)x(s+1) 0
Claxyx(s+1)  AGt1)x(s+1)
Q= Cistnyx(s+1) - Blsti)xs+1)
At x(s+1)  Bls+1)x(s+1)
0 Clatn)x(s+1)  Alst1)x (s+1)

3) Ilposepum, uro npu pasmepe namstu m = d BbIIOJIHAETCH yTBEP-
kzaenue TeopeMbl. Eciin 100aBUTH elle OJHY €JAMHUILY MaMATH, TO IIPH
bUKCHPOBAHHOM $ MOJIOIAIOIIAA TPAHUIA 00IACTHU OJIy K AAHUSL [IPU 11, =
d—1 xy = d— s ciBUHETCS Ha €IWHUIY BOpPABO u Oymer xo = d + 1.
Torpa nomyyum s + 1 HOBBIX HEBO3BpATHBIX cocrosinmii. COrnacHO BBE-
JIEHHOW HyMepauuH, 3T COCTOsiHMs Oy/1yT mMeTb Mjamuue Homepa. Ko-
JINYECTBO HEBO3BPATHBIX cocTosiHmii Oymer (s + 1)(d — s) + (s + 1) =
(s +1)(d — s+ 1). Torga B marpuny @ upu m = d — 1 gobassrcs nou-
MaTpulbl: As1)x(s+1)s Bst1)x(s+1)s Cls+1)x(s+1)- Homyumnu marpuny
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Q@ pazmepuoctu (s +1)(d—s+1) x (s+1)(d—s+1):

At (s+1) | Bty x(s+1)
Clat)x(s+1) | A+ x(s+1)  Bat1)x(s+1) 0
Q= Clat1)x(s+1)

Altnxs+1)  Bratnyx(s41)
0 Cls4+1)x(s+1) A(s+1)x(s+1)

Teopema mokazana.

[Mopmarpunpr Marpuiibl () XapakTepusyioT OIPE/IJeHHbIE OlePAIUU
HaJ ouepeasavu. [logmarpuna A xapakrepusyer Onepanyu, Ipu KOTOPbIX
He U3MEHsIeTCs JJIuHa odepeau (HanpuMep, YTeHHe), U OlePAlUU BKIIIOYe-
HUS 3JIEMEHTOB B OUepe/ib ¢ TpuopuTeToM 1, moamarpuna B — onepanun
UCKJIIOYEHUS SJIEMEHTOB U3 OdYepeau ¢ mpuopurerom 2, moamarpuna C —
OTepanyy BKJIIOYEHHS 3JIEMEHTOB B ouepenu, monmarpuna A’ — omepannm,
[IPU KOTOPBIX HE U3MEHHAETCd JJIMHA O4YepeJyu U Ollepalluy BKJ/IIOYEHUdA U
HCKJIIOUEHUS 3JIEMEHTOB B OY€Pe/ib C IPHOPUTETOM 1.

3. CBSA3AHHOE IPEJCTABJIEHUE

B cBs3arroM criocobe opranusaruu FIFO-ouepenb npeacraBieHa B BU-
Je CBA3aHHOI'O CIIUCKA, KaXKJbIi 3JIeMEHT KOTOPOI'O COCTOUT U3 JABYX €1u-
HUTI, TAMATH, OJHA, 13 KOTOPBIX UCIOIb3YETCS /s XPAHeHU s WHPOPMAIIUH,
BTOpasi COAEPKUT yKa3aTeIb Ha CJeAyronmil snement B coucke (Puc. 6).

R1

e
dadiine S

k2

Puc. 6. Csaszammoe nmpeIcTaBIeHe

Fy u F, — ykazarenu Ha mepsbie 3nemenTsl FIFO-ouepeneit, Ry u R —
ykazarenu Ha mociaeauue dmementsl FIFO-ouepeneii. Ilpeanonaraem, 9to
m KparHo 2. JIsi XpaHeHUs yKaszareseil NCronb3yercs m/2 eIuHuIl na-
MATH, JJId XpaHeHus UHGMOPMAUMU UCIOIb3YeTCs M /2 eJMHUL, [AMITH.
KosmuecrBo ssiemenToB paBHo m/2.

3.1. Maremaruyeckast mozeab. Ob6o3naunm tekyime miuabl FIFO-
odepeneil 1 W T. B KauecTBe MareMaTwdecKO#W MOIEHM IMPOIECCa pa-
0OTHI C TPHUOPUTETHONW OYEPEIbI0 PACCMOTPUM CJydaitHOe OJIyKIaHue
[0 LEJIOYUCJIEHHON pelleTke B TPeyrosbHoit obmactu 1 > 0, x5 > 0,
x14+x2 < m/2+41 (Puc. 7), tue 1 + 2 = m/2+1 — norsiomarowuii 5Kpa-,
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[ONAJAHKE Ha KOTOPBINA XapAKTEPU3YeTCs KAK [EPENOJHEHIE BhIIEeJICHHO-
ro oobema namstu, (—1,0) u (0, —1) — orpaaroiuue TO4KH, T.K. TOJbKO
B COCTOSiHUU T1 = Xy = () BO3MOXKHO WCKJIIOYEHWE U3 IYCTON OYepei.
Uckmiouenne snemenToB u3 mepsoit FIFO-odepean MoXKeT TpPOMCXOIUTH
TOJIBKO TIpH x5 = 0.

X1 ‘
mj2+1

N

X +Xp=m/2+1

4 | |\ml2+1=

-1 X2

Puc. 7. Obnactb O/yKmaHus [1jisi CBSI3aHHOTO MTPE/ICTABJICHUS

Bayxmanne maumnaerca B Touke r1 = x9 = (0. Heobxommmo maiitm
cpeaHee BpeMs OJryzkaaHus 1 10 I0NaJaHusl Ha MOIJIOMAMOMUA 3KpaH.

Paccmorpum citygait, Korga B O9epen XPaHATCH JTaHHBbIE, [JINHA, WH-
dOpMAITMOHHOMH YaCTH KOTOPBIX paBHa L > 1 emgmuunn mamsTu. Torma
JUIMHA, KaXKJI0TO 3j1eMeHTa odepenu Oyaer L + 1, rae oaHa eauHUIA Ta-
MATH COHAEPXKUT yKa3aTesb Ha CAeAyromuii snemedt. [Ipeamonaraem, 41o
m kparuo L+ 1. Konuvecrso asemenros B 3rom ciydae 6yzer m/(L+1).
Hns xpanennsi ykazareseil ncronbsyercs m/(L + 1) eauunn namstn. B
KA94eCTBE MATEMATUYECKONU MOJean OyaeM MMeTh CIIydaitHoe OJIyKIaHue
M0 IEJIOYMCJIEHHON peIlieTKe B TPEyroibHOM obmactu 1 > 0, xo = 0,
z1+ 22 <m/(L+1)+1 (Puc. 8), rae 1 + 22 = m/(L+ 1) + 1 — norso-
waowuit sxpan, (—1,0) u (0, —1) — orpaxKarouue TOYKH.

Bayxmanne maumnaerca B Touke 1 = x9 = (0. Heobxommmo maiitm
cpeaHee Bpems Oykaanus 1 10 MONAIaHus HA MOTJIONIAIONINH SKPAH U
CPaBHUTH CO CPETHUM BPEMEHEM OJIy2KIAHUS B CIy9a€ MOCJIEI0BATETHHOTO
[IPEJCTABJIEHN, KOI/IA JJIMHA MH(QOPMALUOHHON YacTu pasHa L.

4. CTPAHUYHOE IIPEJCTABJIEHUE

B crpannanom crocobe oprammsamuu FIFO-odepens mpeacrabiena B
BHUJIE CBSI3AHHOIO CIIMCKA CTPAHUII pa3Mepa T eIUHUIl maMsaTh. Ecan ogHa
FIFO-ouepenp 3amsna crpanuily, To apyrasg FIFO-ogepens ne moxer ee
ucnons3osars (Puc. 9). Fy u F> — ykasarenu na nepssie snementsl FIFO-
ouepegeii, Ry u Ry — yka3aresu Ha nocjeanue sjieMmentbl FIFO-ouepeneii.
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X]‘

s B
XK= ag *

... 9%
L+1
. I\ »
B
= Xo

Puc. 8. Obaacts Oayxkmganusi, KOTraa JJinHa WHMOPMA-
NIMOHHON YacTu paBHa L

Rl

{ /
%k’x B

F2

Puc. 9. Crpanudnoe npecraBienne

IIpeamonaraem, 9To m KpaTHO x. JIJIsi XpaHeHUs yKa3aTeseid nCrosib-
3yercst m/x eJWHWL, MAMSATH, Ui XpaHeHusi WHOOPMAINK HCIIOIb3yeTCst
m — m/z epunun namstu. Kosuuecrso crpanuy pasuo m/x. dus xpa-
Henusa uHGOPMALIMU Y KaxKIOH CTPaHUIBI MCHOONb3yeTcd T — 1 eauHuIl
namary. [Ipu z = 2 nony4yaeM CBA3aHHOE IIPEJCTABICHUE OUEPEIeil.

IIpeamonaraem, 9To CyIIECTBYET MEXaHW3M pPAOOTHI CO CIHCKOM CBO-
GOMHBIX CTPAHMUI, KOTOPBIH MO3BOJIAET TIPH 3AMOJHEHAN CTPAHUIIBI TPEI0-
CTaBUTH OYEpEeIM HOBYIO CTpaHWIly. Ecau B ovepenn 0CBOOOIUIACH CTPa-
HHIIA, TO OHA BO3BPAIACTCA B CIIMCOK CBOOOMHBIX cTpanutl. Ilepenonnenne
HACTYIIAeT TOrJA, KOLJa CIMCOK CBOOOIHBIX CTPAHMUIL IIyCT U KAKAA-TO U3
FIFO-ouepeeii iepenoHmiIa CTPAHHUILY.

4.1. MareMaTudecKasi MoJeJIb 1 MaTPHUIla BEPOATHOCTEM IIepexo-
moB. Ob6oznaunm tekymue aymabl FIFO-ouepeneit 1 u xo. B kagyecrse
MaTeMATHYECKOH MOZEIU mpouecca paboThl ¢ IMPHOPHTETHOH OdYepenbio
paccMOTpuUM CiiydaiiHoe OJIy>KIaHUe MO IeJIOYMCIEHHON PeleTKe B Tpe-
yronbHOit obsactn €1 = 0, 2 > 0, z1 + z2 < m —m/xz + 1 (Puc. 10), tae
T1+To = m—m/x+1 — NOTJIOMIAIOIINIA SKpaH, IONaJaHue Ha KOTOPBIA Xa-
PaKTepU3yeTCs KaK I[ePEeloJHeHre BblaeaeHHoro oobema namsru, (—1,0)
u (0,—1) — orpaxarmoume TOYKU, T.K. TOJIbKO B COCTOAHUM T1 = Tg = (
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BO3MOXKHO MCKJIIOUEHHE U3 IycToil odepesu. VcKitoueHne 3jieMeHTOB 13
nepsoit FIFO-o4uepeau MoKeT TpOUCXOUTh TOJIBKO 1npu zo = 0.

Puc. 10. O6aacts OyKaaHus [Jisi CTDAHUIHOTO TIPEICTABIEHUS

Bayxnanue naumuaercs B Touke x1 = r2 = 0. HeoOxommmo naiitu
cpeaHee BpeMs Osykaanus 1 10 TOMAJAHUS HA, TOTJIOMIAONINN KPaH.

O603Ha9UM N — KOJUYECTBO €IMHUL, TAMSATH, KOTOPBIE UCIOJIb3YIOTCs
st xpanenusi uagopmaiuu. s crpannddoro npezcrasienus FIFO-
ouepeuneit n = m—m/z. Jdns ceasannoro npejcrasienus FIFO-ouepeneit
n = m/2, ecin gnunaa nHOpManoHHOH YacTh pasra 1, un = m/(L+1),
ecnu JjinHa WHAMOPMAIMOHHON YacTu paBaa L > 1 .

Eciu B npon3BONbHBII MOMEHT BPEMEHU MPOIIECC OJTY K JAHWST HAXOIUT-
Csl B COCTOSAHUM (T1,T2), TO B CJAELYIOUIUI MOMEHT BDEMEHU OH I1IEPEXOUT
B cocrosinue (), xh), Koropoe oupesensaeTcs IPaBUIaAMU:

(x1,2) RN (@), 25) ={(z1 + 1,22), 120, 22 20, 0 < z1 +x2 < 1
(z1,22) = (2}, 2h) = {(z1, 22+ 1), 2120, 22 >0, 0< 21 + 22 <15

, (r1 —1,22), 0< 2z <Ny 22 =0;

! ! i .
(x1,22) — (2}, 25) =< (z1,220—1), 2120, 22 >0, 0 <z + 22 < 1

(z1,22), 1 =0, z2 =0;
r i 1y —
(z1,22) — (27,25) = {(z1,22), 2120, 2220, 0< 21 +22 <.

Cuoyqaitnoe Oiykaanve OyIeM pPacCMAaTPUBATH KAK KOHEYHYIO OJHO-
POIHYIO TIOTJIOMAIONTY 0 1enb Mapkosa. [IpoHyMepyeM HEBO3ZBpPATHBIE CO-
CTOSTHUS LIETH TaK, KAK TIOKA3aHO Ha pUCyHKe 11, T.e. CHU3y BBEpPX, CIIpaBa
Has1eB0. KomMuecTBo HeBO3BPATHBIX COCTOAHUI BBIYMCIAETCA € IIOMOIIBIO
dopmyibl cymmbl apudMernyeckoii nporpeccuu u pasuo (n+1)(n+2)/2.
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m=4 m=6

x2 ‘\

x2

x14x2=3 TN PRirea
2

2 6N o

NS -11081&14L
»

* 4 X1 4 X1

Puc. 11. Hymepanus HeBO3BPATHBIX COCTOSHWI IPU T =
2amsm=4um==6

Paccvorpum npumepst mocrpoenus obsractu Oty K aanusa At m = 4 u
m = 6 upu x = 2 (Puc. 11). Ina m = 4 n = 2, KOJIUYECTBO HEBO3BPATHBIX
cocTosiHUi paBHO 3 - 4/2 = 6, moromaIWil 5Kpan 1 + 2 = n+ 1 =
3. dnga m = 6 n = 3, KOMUIECTBO HEBO3BPATHBIX COCTOSHUN pPaBHO 4 -
-5/2 = 10, nornonamommii SKpan 1 + x2 = n + 1 = 4. Pazmeps! namsitu
MeHbIIe 4 paccMaTpuBaTh HE OyJeM, T.K. B 9TOM CJIy4ae HE UMEET CMBICIA
paccMaTrpuBaTh CTPAHUIHBIN CIOCOD.

Paccmorpum marpuily () BEpOATHOCTEH MEPEXOIOB U3 HEBO3BPATHBIX
COCTOAHUI B HEBO3BPATHBIE.

Pazmeprocth Marpuusr () 6yzer (n+ 1)(n+2)/2 x (n+1)(n +2)/2.

Teopema 2. Mampuuya Q npu 3a60aHHOT HYMEPAUUL U BEAUNUHE T UME-
em caedyruwuli 6ud:

An+1 Bn 0
Cn+1 An anl
_ Cn An_1 ...
Q= Cno1 ... Bs ’
... Ay B
0 Co A

2de nodmampuua Ay pasmepa k X k

r 0

A = yk=n+1n,...,3,2;

Al = (T—*—q);
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nodmampuya By, pasmepa (k+ 1) x k

q 0
q
By = ,k=nn—1,...,2/1;
q
0 q

noomampuya Cy, pasmepa (k— 1) X k

P2 p1 0
Cy = b2 ,k=n+1mn,...,32

0 P2 p1

JOKABATENBCTBO. WMuayKuusi NpOBOAUTCS 11O KOJIUYECTBY €IMHUIL A~
MHATH 1, KOTOPOE KCIIOJIB3YETCs [/IJisi XPaHeHust nH(MOPMALIH.

1) IIycrpb pasmep namstu m = 4,z = 2,n = 2 (Puc. 11). Pazmepuocrs
Marpuibl ) 6yzer 6 x 6.

Paccmorpum coctosame 2. VI3 HEro MOXKHO TEPEUTH B COCTOSHHE 5 C
BEPOSTHOCTHIO ¢ UCKJIIOYEHHS JIEMEHTA M3 OYEPEeu C IPUOPUTETOM 2,
MOXKHO OCTATHCS B COCTOSTHUY 2 C BEPOSITHOCTHIO 7. QCTATIbHBIE SJIEMEHTHI
B 9TO# CTPOKE Oy/IyT HyJISAMU, T.K. IEPEXO/IbI U3 COCTOSHUSA 2 B COCTOSHUS
1,3,4,6 HEBO3MOXKHBI.

Paccmorpum coctosame 5. VI3 HEro MOXKHO TIEPEUTH B COCTOSHHE 3 C
BEPOSATHOCTBHIO P BKJIOUEHUS 3JIEMEHTa B OYepeab C MPHOPUTETOM 1, B
COCTOSHIE 2 C BEPOATHOCTHIO Py BKIIIOYEHHS 3JIEMEHTA B OYEPedb C IPU-
opuTETOM 2, B COCTOsiHNE 6 C BEPOATHOCTHIO ¢ MCKJIIOYEHUs JIEMEHTA U3
ouepeu ¢ npruopuTeToM 1 (MCKIII0YeHNs U3 OYepe/iu C IPUOPUTETOM 1 MO-
TyT TPOUCXOIUTH TOTBKO Tpu T2 = 0, T.e. €Cu 0vYepeb ¢ MPUOPUTETOM
2 mycTa), MOKHO OCTAThCSA B COCTOSTHUU 5 C BEPOATHOCTHIO 7. OcTajibHbIe
3JIEMEHTBI B 3TO CTPOKe Oy/IyT HyJIaMH, T.K. IIePEXO/bl U3 COCTOSHUS D B

cocrosiivs 1,4 HEBO3MOXKHBI.

Paccmorpum coctosame 6. VI3 HEro MOXKHO TepeiiTu B cocTossnme 4 ¢
BEPOSTHOCTHIO Po BKJIIOYEHHS 3JIEMEHTA B IEPBYIO OY€PE/ib, MOXKHO IIe-
peliTu B COCTOSTHUE 5 C BEPOATHOCTHIO P BKJIIOUYEHUS JIEMEHTA BO BTOPYIO
o4epejib, MOXKHO OCTATbCS B COCTOAHUM 6 ¢ BEpOATHOCTBIO T+ ¢ (g npubas-
JISI€TCS IOTOMY, 9TO B 3TOM COCTOSHUU 00€ O4YepPe/IH IyCThI, & NCKJIIOUYEHUE
U3 MycToii ouepeau He MeH#AET ee uHbl). OCTaJbHBIE 3JIEMEHTHI B 9TOi
CcTpOKe OyayT HyJsMU, T.K. IePeXo/bl u3 cocrosanus 6 B cocrogaus 1,2,3
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HEBO3MOXKHEIL. JIpyrue coCTOSHIA paccMaTPUBAIOTCA aHAJIOTHIHO. MaTpu-
ma () UMeer BHI:

r 0 0 q 0 0

0 r 0 0 q 0
Q- 0 0 r 0 q 0

p2 p1r O | r O q

0 po pr |0 r q

0 0 0 |p2 p1|7+4¢

Eciu paccmorpers m = 6,z = 3,n = 2, To obsactb OnyKaaHus u
Marpuna () OyayT Takue x)e, KaK npu m = 4,x = 2,n = 2.

IMycrs m = 6,z = 2,n = 3 (Puc. 11). Pazmepuocrs marpuipt () 6yaer
10 x 10, u maTpuIia uMeeT BUJ:

T 0 0 0 q 0 0 0 0 0
0 r 0 0 0 q 0 0 0 0
0 0 T 0 0 0 q 0 0 0
0 0 0 r 0 0 q 0 0 0
- p2 p1 O 0 r 0 0 q 0 0
Q= 0 p2 p1 O 0 r 0 0 q 0
0 0 p2 p1| O 0 r 0 q 0
0 0 0 0 |p2 p1 O r 0 q
0 0 0 0 0 p2 p1 0 r q
0 0 0 0 0 0 0 |p2 p1|T+gq

2) IIpeanonoxkum, 910 1jsi pa3mepa maMaTd n = d — 1 BBINOJIHSAET-
cd yTBepXKAeHne TeopeMbl. Komm4ecTBo HeBO3BPATHBIX COCTOSHUMN B LEn
6yuer d(d+1)/2. Marpuua @ umeer pasmeprocrs d(d+1)/2 x d(d+1)/2
u OJIOYHYIO CTPYKTYDY:

Ay Bg_1 0
Ca Ag—1 Bis
_ Cy1 Ag_o ...
Q= Cis ... B»
... Ay B
0 C: A

3) IIposepum, 4TO Npu pas3Mepe MaMaTh 7. = d BBINOJHIETCA YTBEP-
xkJieHune reopembl. Ecu 100aBUTH €11 OJIHY eIMHUIly MaMATH, TOTIA HO-
IJIOIIAOIIAs TPAHUIIA C/IBUHETCSI BIPABO HA €IUHUILY U OyneT i + To =
d+1. Torga B nenu nmosgBATCA d+ 1 HOBBIX HEBO3BPATHBIX cOCTOsAHUI. Komm-
4EeCTBO HEBO3BPATHBIX COCTOsHUiT B nenu Oyuer pasuo d(d+1)/2+(d+1) =
(d+1)(d+2)2. KonuuecTBo cTpoK u cTosi010B B MaTpuie () npun = d—1
yBenmaurcs Ha d+ 1. CorsiacHO BBEIEHHON HyMepAaIuu, HOBbIE COCTOSHUS
OyIyT MMeTh MJAJIINE HOMEPA, & COCTOAHUS Tenu npu n = d — 1 O6yayr
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creoBaTh 3a HuMu. Torna B Marpuiy () mobaBaTcsa moaMaTpuubl: Agyq
pasmepuoctu (d + 1) x (d + 1), By pasmepuoctu (d + 1) x d, Cyqqq pas-
meproctu d X (d 4+ 1), Koropbie OyayT ONUCHLIBATH MEPEXOAbI U3 HOBBIX
d + 1 cocrosinuii. ITosmyunnu marpuny () pasmepuocru (d+ 1)(d + 2)/2 x
x (d+1)(d+2)/2:

Aay1 | By
Cat1 | Ag By 0
_ Ci Ai-
Q= Cuci ... Bo
... Ay B;
0 C. A

Teopema mokazana.

[MogmaTpuiel MaTpuIbl () ONUCHIBAIOT OMPEIE/IEHHBIE ONEPAINN HA/T
ouepensamu. Ilogmarpuna A xapakrepusyer olepauuu, IPU KOTOPbIX HE
U3MEHseTCs JUIMHA oYepeau (HanpuMmep, dyrenue), noamarpuua B — onepa-
WU UCKJIIoYeHus nadOopMaluu u3 odepe/eii, noamarpuia C' — oneparuu
BKJIIOUeHVS HHGMOPMAINN B 09EPE/In.

5. PEIIEHUE 3AJIAYU

Hns  pernenuss 3agadu  BeAUCAUM  (DYHIAMEHTAJIBHYIO — MaT-
puy N = (I — Q) !. B ciayuae nociesoBaTesbHOrO IPEICTABICHHS
HEOOXOIMMO TIOCTPOUTH MATPHUILy (), BHIYUCIUTD MATPHUILy [N JJis BCEBO3-
MOXKHBIX 3Ha4UeHUil s. [ljisi BBIYMCIIEHNS CPEIHEr0 BpEMEHW OJIyKIaHus
MPOCYMMUPYEM JIEMEHTHI MATPHUIBI [N B CTPOKE, KOTOPAsi COOTBETCTBYET
HAYAJIBHOMY COCTOSHUIO T1 = X5 = (. CorjiacHO BBeJE€HHON HyMepaluu
310 Oyaer crpoka ¢ HomepoMm (s + 1)(m — s+ 1) — s. Barem cpaBHUM 1HOJIYy-
YeHHOE BpeMsl JIJIsi PA3HBbIX 3HAaYeHu S u BbibepeMm MakcumasabHoe. CooT-
BETCTBYIOIIEE MAKCUMAJIbHOMY BPEMEHU 3HAYEHUE s OyIeT ONTUMAJIbHBIM
pa30ueHneM maMsaTh s MOCJIEI0BATEILHOIO IPE/ICTABICHNS.

B ciydae cBS3aHHOrO U CTPAHUYHOIO TIPEJICTABICHNST HEOOXOIUMO 10~
cTpouTh Marpuity (), BBIUCauTh Marpuily N u Mpocy MMUPOBATH JIEMEH-
bl MaTpuiibl N B CTPOKE, KOTOpast COOTBETCTBYET HAYAIBHOMY COCTOSI-
Huio x1 = ro = 0. CorylacHO BBEIEHHOM HyMepaIuu 310 OyAeT MOCIeIHsIsS
cTpoka MaTpuibl N.

B cnydae cTpaHWYHOrO TpPEICTABJIEHUS BBIYUCIEHHOE CPEIHEE BPEMs
Oty IaHus Oy/IeT OIEHKOW CBEPXY /s PEAJbHOTO CPETHEr0 BPEMEHH.
O603naunM 3Ty OUEHKY Tjpqs- TAKKe, MOXKHO BBIYHCIUTDH OLEHKY CHU3Y
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Tinin 7SI CPETHETO BpeMeHu OsyzKiaanus. /I OomeHKn CBepXy pPacCMOT-
pum 6urykaanue B obsactu Ty + o < m — m/x + 1, ajis OueHKu cHuzy
Gy K jaHne B o6aacTu ©1 + x2 < m—m/x — 3(x — 2) + 1. Ilpu cBsA3anHOM
MIPE/ICTABJIEHNY BBIYUCIEHHOE BpeMsi 1 — 9TO CpeiHee BpeMs OJIy K TaHus.

Jlisi CTPAHWUYHOTO TPEICTABJIEHUST ONTUMAJIBHBIA PA3MEP CTPAHUIIBI
pasen x = 1/6-m/3. PaccmarpuBas, Ay KAKoro pasMepa namsaTu m
obsiacTh OIyKIAaHWSA B C/Iydae CBI3aHHOTO MPEACTABICHUS MOXKET ObIThb
MeHbIIe, 9eM 00JacTh OIyzK/JaHUsl B CIydae CTPAHUYHOTO IIPEJICTABJIE-
HUsT JjIS MUHUMAJIBHOW OIEHKW CPETHEr0 BPEMEHU, MOJydaeM, UTO IJIs
m > 24 mpn x = v/6-m/3 u aus moboro m npu 2 < x < m/6 cpeguee
BpeMs OJIy2KIaHUs /10 TIOTJIONIEHUS B CJIy94ae CBSI3aHHOTO MIPEICTABJICHUS
Oy/JleT MeHbIlle, YeM MUHUMAJbHAS OIEHKA CPEIHErO0 BPEMEHH B CJIydae
CTPAHUYHOTO IIPE/ICTABJICHUS.

6. PE3V/IBTATHI YNCJIEHHBIX DKCITEPUMEHTOB

st peanmu3anuy aaropuTMa PEIeHns 3aa91 pa3pabOTaHbl IIPOrpaM-
MblL gyt 9BM, Koropble reHepupyor Marpuily (), BbIYHCISIOT MATPUILY
N wu cpennee BpeMs pabOTHI Jjisd KaXKJIOTO U3 PACCMOTPEHHBIX CIOCOO0B
MIPE/ICTABJICHUS.

B rabmumax 1, 2, 3, 4 mpeacTaBieHbl pe3yIbTaThl Beraucaenuit. B mep-
BBIX YETBIPEX CTOJIONAX HAXOAATCS BEPOITHOCTHBIE XapPAKTEPUCTUKH ITPH-
OPHUTETHO# odYepeau, B CTONONE ¢ HA3BAHUEM 1M COAEPXKUTCS PA3MEpP BbI-
JeJIeHHO# MaMsTH.

Cronber, ¢ Ha3BarreM A; COOTBETCTBYET MOCIEIOBATEILHOMY MpeJl-
CTABJICHUIO JIJId Pa3Mepa MaMaTu m, cTojden ¢ Ha3sanuem A} coorser-
CTBYET IOCIEI0BATEILHOMY IIPEACTABIEHUIO JJIsi Pa3Mepa maMsaTh m — 2,
T.. KOIJJA YIUTBHIBAIOTCS JBE €JIWHUILI HMAMATH [PH PEATU3AIUNA IBYX
nukindeckux FIFO-ouepeneii. B crosibue ¢ HazBaHueM S HAXOMUTCS OIl-
TUMAJIbHOE KOJWYECTBO EIWHUI] TAMSTH, BbIIEJeHHBIX meppoit FIFO-
odepen, B CTOI0IE ¢ Ha3BaHueM 1 HAXOAWTCA CpeaHee BpeMs pabOTHI.

B cronbue ¢ nazanumem A, HaxoaurTcs cpeaHee spems padborsr 1 jjis
CB#3aHHOIO IIpejcraBieHus. B crosbue ¢ Ha3zBaHueM Az HAXONATCH MU-
auMaabHasg Ty 1 MAKCUMATBHASA 1y, ONEHKH CPETHErO BPEMEHH JIJTs
CTPAHWIHOTO TTPEICTABJICHNST W ONTUMAJILHBIN pa3Mep CTPAHUIIH .

W3 mpeacraBieHHBIX pe3yabTaToB B Tabaunax 1 u 2 BUAHO, YTO TpH
m = 20 (m < 24) cpexanee BpeMs JJjid CBA3aHHOIO NPEICTABJICHUs Ha-
XOAUTCA MEXKIY OUEHKAMU i U Tipge 71T CTPAHUTHOTO IIPEICTABJIE-
uus. IIpu m = 32 (m > 24) BuuHO, 4TO CpeiHee BpeMs i CBA3AHHOIO
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TasjinA 1. Cpexnnee BpeMmsi pabOTHI ¢ OYEPEIBIO IO
npuopureraMm Aja m = 20

r p1 p2 | q |m[ A A Ay As

] T s T T T Tmin | Tmaz
0.25 0.25 0.25|0.25|20 13 62.99 |12 56.38 | 40.0 |4 36.0 | 60.0
0.1 04 040120 11 254 |10 22.82 |15.51 |4 14.08| 22.65
0 01 06]03]20 5 4302 | 5 3876 |25.63|4 23.13| 38.13
02 06 0.1] 0.1 |20 17 3047 |15 27.49 |18.06 |4 16.39 | 26.39
0 07 03] 0 |20 13 184 |12 16.6 | 11.0 |4 10.0 | 16.0
0 03 07] 0 |20 7 184 |6 166 | 11.0 |4 10.0 | 16.0
0.1 03 02 04|20 15 128.69|13 111.61|73.44 |4 64.3 |121.13
0.1 02 03] 04|20 13 121.58 |11 106.2 |73.44 |4 64.3 | 121.13
05 02 02] 01|20 12 57.09 |10 51.2 |35.56 |4 32.22 | 52.22

TasjinA 2. Cpexnnee BpeMs pabOTHI ¢ OYEPEIBIO IO
TIPUOpHUTETAM JJId M = 32

T p1 | p2 qg |m Ay Al | Ay A3
s T s T T | Twmin | Trmaz
0.25 0.2510.25|0.25 32|22 102.93 21| 96.33 64.0 |4 72.0 96.0
0.1 04 04| 0.1 32|18 40.9 |16| 38.29 24.08|4 26.94 | 35.51
0 0.1 1 0.6 | 0.3 329 7041 | 8 | 65.77 40.63 |4 45.63 | 60.63
0.2 0.6 | 0.1 | 0.1 |32|27 48.63 |26 | 45.6 28.06|4 31.39 | 41.39
0 0.7 | 0.3 0 32|21 295 |20 27.7 17.0 |4 18.99 25.0
0 0.3 | 0.7 0 3211 295 |10 27.7 17.0 |4 19.0 25.0
0.1 0.3 ] 0.2 0.4 |32]26 23242 |24 | 215.1 130.9 |4 150.58 | 210.15
0.1 0.2 ] 0304|3222 217.51|21|201.28 130.9 |4 150.58 | 210.15
05 0.2 ]0.2 0.1 |32]19 9245 |18 | 86.55 55.56 |4 62.22 | 82.22

[IPE/ICTABJIEHAs] MEHbIIIE MUHAMAJIbHON OLEHKU CPemaHero BpemeHu 1i,n
JIsE CTPAHUYHOTO [IPE/ICTABJICHN, ONITUMAJIBHBII pa3mep crpanuusl & = 4
YJIOBJIETBOPsi€T HEPABEHCTBY 2 < T < M / 6.

CpaBHuuBas cpeiree BpeMsi pabOThI JJIsl TOC/IEIOBATEIBHOTO U CTPA-
HUYHOTO MPEJCTABJIEHUs, BUAHO, UTO JIi HEKOTODPHIX HAOOPOB BEPOST-
HOCTEH CpemHee BpeMd Ui MOCJIEeIOBATEIbHOTO IPEICTABICHUA MEHbBIIIE
OmeHKH CBePXY Lyngr A/ CTPAHUYHOIO IpeJCTaByeHus. Tem He MeHee,
BHUHO, YTO [IJisi HEKOTOPHIX HAOOPOB BEPOATHOCTEN Cpe/iHee BPeMs JJIs
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TasjinA 3. Cpennee BpeMms pabOTHI ¢ OYEPEIBIO IO
npuopureram i m = 60 upu giuHe nHOOPMATNOHHON
qactu L > 1
r p1 | P2 q m L=2 L=3
A As A As
s T T s T T
0.2510.25|0.25 0.25 60 21|96.33| 80.0 13| 62.99 60.0
0.1 ]04|04 01 60 16|38.29| 29.8 11| 254 22.65
0 01|06 03 60 8 |6577| 50.63 5 | 43.02 38.13
02 1]06 |01 0.1 60 26| 45.6 | 34.72 17| 30.47 26.39
0 0.7 | 0.3 0 60 20|27.69| 21.0 13| 184 16.0
0 0.3 | 0.7 0 60 10|27.69| 21.0 7 18.4 16.0
01 03|02 04 60 24)|215.1]170.37 15]|128.69 121.13
010203 04 60 21|201.3|170.37 13|121.58 121.13
051]02]02 01 60 18|86.55| 68.89 12| 57.09 52.22
TapauuiA 4. Cpexntee BpeMmsi paboTbl ¢ OY€PEBIO 110

npuopuTeTaM st m = 60 mpu aiwHe wHGOPMAIMOHHOI
gactu L > 1

r P1 p2 q |m L =4 L=5

A | A Aq Az

s T T s T T

0.25 0.25 0.25]0.25|60 |10 46.37 48.0 | 7 |36.73 | 40.0
0.1 04 04 |01|60|8 19.05 18.37| 6 | 15.2 |15.51
0 0.1 06 | 03|60 4 32.14 30.63| 3 |25.55|25.63
02 06 0.1 ] 0.1 |60|12 22.79 21.39|10 | 18.52 | 18.06
0 0.7 0.3 0 |60|10 13.87 13.0 | 8 |11.17| 11.0
0 0.3 0.7 0 |60| 5 13.87 13.0 | 4 |11.17| 11.0
0.1 03 02|04 |60|11 88.04 92.2 | 8 | 64.66 | 73.44
0.1 02 03|04 |60|9 8422 922 | 7 | 63.0 |73.44
0.5 0.2 0.2 0.1 |60|9 4262 42.22| 7 |34.23 | 35.56

[IOCJIEIOBATEILHOTO IIPEACTABIEHUs OOIbIe, YeM MaKCUMAaJbHAs OLEHKA
Tnae U1 CTPAHUYHOIO IIPE/ICTABICHUS.

CpaBHUBas CBsI3aHHOE U TIOCJIEIOBATE]HHOE TMPEICTABJIEHNE, BUJIHO,
4TO CpeHee BpeMs JIjId CBA3aHHOTO IIPE/ICTABIEHN BCEr/a MEHbIIIEe CPe/I-
HEro BPeEMEeHU JJIA MOCJIeJ0BATEIbHOTO TPE/ICTABIEHUS.

CpaBHuBas pe3ysbTaThl B CJIydae, KOra JyinHa nH(OPMAIMOHHON da-
cru pasua L > 1, BugnO, 910 ¢ pocroMm L cpezmHee BpeMsi 1Jisi CBA3AHHOIO
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[IPE/ICTABJICHUS CTAHOBUTCs OOJIBINE CPEIHEr0 BPEMEHH I MOCTIEI0Ba-
TeJBLHOrO mpejcraBienus. Hampumep, mpu L = 5 cpemgmee BpeMs Ijist
CBSI3QHHOTO TIPE/ICTABJICHNSI B OCHOBHOM OOJIbINIE CPEIHErO0 BPEMEHU IIJIst
MOC/IEI0BATEIHHOTO MPEJICTABICHUS .
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OB OITBITE ITPUMEHEHU Y OBOBIITEHHOTI' O
IMOAXOJA K PASPABOTKE ITPOTPAMMHOTI'O
OBECIIEYEHU A YIIPABJIEHUA
IMPON3BOJACTBEHHBIMMU ITPOITECCAMMNA

J.T1. KocunbiH, A. A. TIEYHUKOB, A. . IITABAEB

Paccmorpen eaunbiii popMasim30BaHHBIN 1101X0/ K pa3paboT-
K€ MPOrpaMMHOTO O0eCliedeHus jisi YIIPABJIEHUS CI0KHBIMUA
[IPOU3BOACTBEHHBIMY IIPOIECCAMH OIIPEIEJIEHHOI0 Kjacca. B
Ka4yecTBe [IPUMepa OlUCaHa Pa3paboTKa IPOrpaMMHOIoO obec-
TeYeHus T TJIAHNPOBAHUS TPOU3BOICTBA TO( POTAPHI.

1. BBEJEHUE

IleTpo3aBoackuii rocy1apCTBEHHBIN YHUBEPCUTET UMEEeT MHOTOJIETHUI
ombIT paboThl MO 3aKa3aM MPEINPUATHH MEJTI0I03HO-0yMaXKHOM TPO-
MBIILIEHHOCTH ¥ JIECOMPOMBINLIEHHOr0 KoMiuiekca Poccun. Cpean 3akas-
qukoB — Apxanresnbckuit, Cerexkckuit u Kornacckuit IIBK, OAO «Konzo-
moray, OAO «ApxGym», AO3T <«Todpou», 3AOp «Hapomuoe mpeampu-
arue HabepeKHOYeHUHCKUH KapToHHBIH koMOunaT», OAO «Bparckuii
[EJUTIOIO3HO-KAPTOHHBIA KOMOMHAT». B TPOMBIIIIEHHYO SKCILTyaTAIWO
BHEIpeHO bostee 40 TPUKITAAHBIX TPOrPAMMHBIX CUCTEM YIIPABICHUS TTPO-
U3BOJICTBOM.

HaxomnieHubii onuIT mMo3BOMISIET CHOPMYIUPOBATH OBA CIEAYIOMNX
YTBEPIK ICHUS.

Bo-nepBbix, MHOTHE TPOU3BOJICTBEHHBIE MTPOIECCHI OMUCHIBAIOTCS B BHU-
Jle MaTEeMATUICCKUX MOJIETIeH, OTHOCAIIUXCS K KJIACCy ONTUMU3AIUOHHBIX
3aza4 packpos u Komiiekroku Marepuaios (O3PK), a, ciepoBaresbho,
MOL'YT Pelarbes € HOMOLIBIO €JMHOIO yHUBEPCAJIbHOIO ajropurma, [1].

© A.11. Kocuupiy, A. A. Ileunukos, A.U. [Ta6aes, 2008
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Bo-BTOpBIX, HHGOPMAIIMOHHBIE TTPOIIECCHI, CBI3AHHBIE C PA3PAOOTKOM
nporpamMuoro obecneuenus (I10) mig perienust takux 3aaad, o0Ja1a-
TOT BBICOKOi CTEMEHBIO OOIMHOCTH MO TpeOOBAHUAM K HHTepdeiicy, Sa3bI-
Ky MPOrpaMMUPOBAHUS, HPABaM [IOCTYIA, OPraHnu3aiuu paboTbl B CETH,
BXO/JHbIM U BbIXOJAHBIM JaHHbIM (HOpTdesb 3aKa30B, KATAJIOrU TEXHOJIO-
PUYECKUX KAPT, 3aKA30B U MOCTABIIUKOB U T.JI.).

W3 sToro cnemyer, 9T0 OCHOBHBIE WH(MOPMAIMOHHBIE DEIIEHUS MOTYT
OBITH peaIM30BaHBbI B BUAE OOIMMX WHMOPMAIUOHHBIX W KOH(MUTYpPAIU-
OHHBIX MOJLyJiell, HACTPAUBAEMbIX B JATbHEHIIEM TPUMEHUTEILHO K KOH-
KPEeTHOH 3aj1a4e, IIPOU3BOACTBY WM HpeaMerHoit obnactu. 13 stux asyx
YTBEpP>KIEHUH CJIEIyeT, 9TO CYIIECTBYET MPUHINIHAILHAS BO3MOXKHOCTD
peanu3amnuu eauHoro popMaIM30BAHHOIO TMOAX01a K paspaborke 110 mrs
yIPaBJIEHUS CIIOKHBIMU TPOM3BOICTBEHHBIMY ITPOIIECCAMHY OIIPEIETEHHOTO
KJIACCA, a 3HAYUT, TPOIECC MOXKET ObITh ABTOMATU3UPOBAH M PEATH30BAH
B BHJIE YHUBEPCAJIbHO IIPOrPaMMHOIlL cucremsl [2].

Hanubiit moaxos ObLI MOAIEPKAH B paMKax (erepaibHOil 1eaeBoit
nporpammbl «lccmenoBanust u pa3pabOTKKU IO MPUOPUTETHBIM HAMPAB-
JIEHUSIM Pa3BUTHA HAYIHO-TEXHOJIOTHIECKOro Komitekca Poccun ma 2007-
2012 roxpi» (pemenue Konkypcuoii komuccun Pocuayku Ne 26, TIporokosn
ot 15 mHos6psa 2007 r. Ne 60; rocymapcrBennbiit kounTpakT Ne 02.527.11.9021
or 26 HOoa6psa 2007 r. HA BbHIIOJHEHUE OIbITHO-KOHCTPYKTOPCKUX PadoT
mo TeMe «Pa3paboTka KOMIIJIEKCA MATEMATHIECKUX MOJIEJeil, METOIOB 1
MPOrPAMMHOTO ODeCTiedeHus I TOBbIMeHus b MOEKTUBHOCTH YIIpaBJIe-
HUsI CJIOKHBIMU [TPOU3BOACTBEHHBIMU IIPOLIECCAMUY ).

2. KOHBEMEPHASI TEXHOJIOTHSI PABPABOTKHN ITPOI'PAMMHOTI'O
OBECIIEYEHUA

B camowm obrriem Bue KOMILTEKC TPOrPAMMHOIO 00ECIIeIeH s IJTsT Pe-
menusi cPOPMYJTUPOBAHHOTO KJIACCA 33189 MOXKHO MPEJCTABUTH KAK TPEX-
YPOBHEBYIO MEPAPXUYECKYIO CHCTEMY, HA BEPXHEM yPOBHE KOTOPOW HAXO-
gutcs YIIC — yHuBepcajbHas MpOrpaMMHAs CHUCTEMA, 00ECITeInBAIONIAs
AJANTANNI0 K JTAHHOW TPEeIMETHOH 00acTh W TPEOOBAHWSAM 3aKAZINKOB
MOCPECTBOM YHUBEPCATBHBIX HACTPOEK. BTOPOit ypoBeHb nepapxuu — 3To
nporpaMMHas cucreMa mianuposanus npoussoscrsa (IIC IIIT), agantu-
poBaHHasg K TpeOOBAHUAM KOHKPETHOI MpeMeTHON obmacTu, obecrednBa-
IOIIAs BBITTOJIHEHUE OOIINX TpeOOBAHWI M BKJIIOUAIONIAS CHEIN(UISCKHAEe
KOH(UTYPAIUOHHBIE HACTPOUKN ¥ OTYETHBIE (DOPMBI MPUMEHUTETHHO K
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npeaMeTHoit oomactu. HuxkHMit ypoBeHb MepapXun — 3TO BHEIPEHHAS TTPO-
rpaMMHasg cucTeMa Iyanuposanus npoussoiactsa (BIIC IIIT), mpencras-
nstiorast coboit TIC TITI, amantupoBanHyto K TpeGOBAHUSM KOHKDPETHOTO
MIPOU3BOJICTBA U ABJISAIONLYIOCS COBOKYITHOCTHIO aBTOMATU3UPOBAHHBIX Pa-
60YMX MECT, CBA3AHHBIX JIOKAJIHHONU CETHIO U OCHAIIEHHBIX HACTPOCHHBIM
Ha marayo 3ama4dy 110.

[Ipomecc pa3paboOTKU MPUIOKEHUsT /i KOHKPETHON MpPOU3BOACTBEH-
HO¥ 33/1a49U B TAKOW CHCTEMeE MPEICTABJIAET CO00H KOHBEHEPHYIO TEXHOIO-
TUIO TPOU3BOJICTBA, COCTOSIIYIO W3 TPEX 3TanoB. Bo-nepBbix, pazpabarbi-
Baercs nporpammuas cpena YIIC misa pernenus 3amad, GopMyiupyeMbix
B MaTemarnueckoii mocranoske kak O3PK. Bo-BTophIx, B nporecce agarn-
taruu YIIC mom KOHKpeTHbIEe MpeaMeTHbIe 00JIacTh, CO3IAI0TCSA CIeIna-
musupoBannbie [1C III1. IIpu srom ocymectBasercs mactpoitka ¥ I1C mog,
obmre TpebOBaHUs, ONpeeIsgeMble IpeaMeTHOH obmacTbio. B-Tperbux, B
Haubosiee nogxouseii ¢ rouku 3penus mozesnu I1C IIIT cozpaéres (a mo
GOoJIbILIeH Y4aCTH — HACTPAMBAETCH) [PUIOKEHUE [l PELIeHUs KOHKDEeT-
HOM 33a49M, KOTOpas U BHEAPSETCS HA MPEIIPUATHH-3aKA3UYNKE B COOT-
BEeTCTBUM C TPEOOBAHUSAMHU, ONPEIEIIEMBIMI B TEXHUIECKOM 33/ IAHUH.

Bueapenne u conposoxaenne BIIC IIIT nposoguTcs creruaabHo 06y-
YEHHBIMU COTPY/IHUKAMEU OPTAHU3ANUH-UCIIOTHUTEIIs] COBMECTHO C CHCTEM-
HBIM AJIMAUHUCTPATOPOM, IPOrPAMMMCTAMU M TEXHOJOTAMH 33aKA39UKA, HO
0e3 y94acTusi OCHOBHBIX Pa3pabOTUNKOB. BO3MOKHOCTH MACIITAOMPOBAHUS
NpU BO3BHUKHOBEHWH HOBBIX (DYHKIHI ¥/UJIN HOBBIX MPOHW3BOJCTBEHHBIX
3a/a9 peann3yorcs ocHOBHbIME paspaborunkamvu YIIC u I1C IIII.

B coorsercTBuu ¢ TpEOOBAHUSAMY TOCYAAPCTBEHHOIO KOHTPAKTA, B Mae-
utore 2008 roxa ocyiecrsiieHa onbiTHasA dKciutyaranus mary BIIC TIIT ua
CIEIYIONIUX TPEINPUASITHSX:

«IlnanupoBanne mpou3BoACTBa exa rodpporapsl» — 3AOp «Hapoamoe
npeanpustre Habepek HOUeTHUHCKUN KAPTOHHO-OyMaKHbBI KOMOWHATY ;

«[TnanupoBanue packpoeB ChEMOB M PACIpEIeIeHUs 3adBOK it Oy-
Marozgenarebabix Mamuay — OAQO «Kongomoras;

«[lranupoBanue u ynpaBjieHUe MHOIOHOMEHKJIATYPHBIM HPOU3BO/-
crBom» — OAO «IIpuboit», Cankr-Ilerepbypr;

«IlnanupoBanne mpomsBoacTBa danepsrs — 000 «JlaxmeHmoxckumii
danepHbIii KOMOHHAT «ByMaIKC»;

«Pazmernenune rpy30oB B Tpancnoprhbix cpegcrsaxy — OAQ «I'pynma
«Umuam», r. Bparck.
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3. OB ONBITE PEAJIU3ALIMU OBIIET'O TOJAXO/IA

B pamkax gaHHOI CTaTbu MBI OTPAHUIUMCS OMUCAHUEM TTPOIECCA, Pe-
amm3aruu npoekta Tonbko s BIIC TIIT «IlianupoBanue mpou3BOACTBA
exa roporapbis, MOCKOJIbKY OH B JOCTATOYHON CTEIEeHU XapaKTePUu3yer
COCTOSTHVIE JIeJT M B IPYTUX MPEIMETHBIX 0DJIACTSX.

HabepeskHoueTHUHCKUIT KaPTOHHO-OyMarKHBI KOMOWHAT M3TOTABIIH-
BaeT OOJIBITIOE KOJMYECTBO m3zesuit 3 rodpokaprorHa. Homenkiaarypa
M3TOTABIMBAEMbBIX M3/E/IN HACIUTHIBAET HECKOJIBKO THICAY BUIOB. Bomb-
1106 KOJIMYECTBO BUJIOB I'OTOBOM MPOIYKIUHU CBI33aHO C YHUKAJIbHOCTHIO
rpeboBaHuil 3aKA34MKOB (HALPUMED, PA3MEPOB) LO OTHOLUEHUIO K CTaH-
JApTHBIM TUaM rodpornpoaykiun (rohppoauky, obedaiiku, BKIAIBIINT
u T.1.). JlobaBjeHne HOBBIX BUJOB HOMEHK/IATYPbI IPOUCXOJUT OUY€Hb Ya-
cro. OObbeM Mpou3BOJACTBA COCTABIsIET 24 MITH.KB.M TO(MPONPOAYKIHHA B
Mecsn,. OOm@as YMCIeHHOCTh 3aHATOr0 EPCOHAA CocTaBisieT okoao 1700
4JesioBeK, u3 Hux bosiee 200 4eI0BEK 3aHATO HEIIOCPEICTBEHHO B IPOU3BO/I-
CcTBe TOPONPOLYKIIUH.

Ha ¢abpuke rodporapsl ycrtanoBaeHbl 2 rodpoarperara co CIeayro-
Iiel MTPOM3BOAUTEILHOCTHIO: TPEXCIONHBIH KapToH — 210-220 M/MuH, 1s-
TUCHAOMHBIA KapToH — 150 M/MuH, cemucioiiubiii kapron — 80-90 m/MuH.
Jlasiee KapTOH MMOCTYIIAET HA MMEPEPAOOTKY [Jisl Oy YEHHUS YIAKOBOYHBIX
cpenctn. JInnunm mepepaboTKM MPEACTABIASIOT co00M KoMOmHAIMN n3 20
PA3JIMYHBIX ArPETATOB, MTPOM3BOISIINX BBICEUKY, HAPE3KY BKJIQIBIIIEH, 13-
TOTOBJIEHVE PEIIETOK ¥ ITPOKJIAI0K, HAHECEHUE MeIaTHBIX JIEMEHTOB U T.JI.

O6cemoBanne mporecca MPoOU3BOACTBA TOMPOTAPhl MOKA3ATI0, €UTO
IJIAH 110 PAcKposM rodporapsl cocraBisgercs 6e3 yKa3anus, HA KAKOM U3
JBYX roppoarperaToB ero BuITOMHATL. MacTep cMeHbI B X0ozie paboThl BbI-
Oupaer (0OBIYHO TIOCTIEIOBATENIHLHO) PACKPOU U3 3TOTO CIIUCKA W JAET UX
na rodpoarperar. [Topsimok BHIOOpA PACKPOEB 3aBUCHAT OT TEKYIIEH 3a-
rpy)ennoctu jmaui. Ecian B Ommkaiiniee BpeMs 3aKOHYATCS 3arOTOBKH
JI7IsI HEKOTOPO#l JIMHUM, MAacTep BO3bMET PACKPOi, comep:Kainnii Tpedye-
MyIO 3aroToBKy. 10 ecTb PacKpoil MOXKeT BbIPAOATHIBATHCHA HE HEIPEPHIB-
HO OT HAYAJIA U JI0 KOHIA, & YACTSIMU, ECJIU €r0 00HEM TOCTATOYHO BEJIWK,
¥ 9TO MPENSITCTBYET CBOEBPEMEHHOMY BBITYCKY IPYTUX 3arOTOBOK [IJIsT JIU-
uunii. Tem HEe MeHee, MaCTEP CTAPAETCS BBHIMOIHSATD ILJIAH MO JIUHUSM B TOM
MOPsi/IKe, KAK 3aIJIAHUPOBAJ TEXHOJIOT.

Buenpenne BIIC TIIT «IlnanupoBanue mpousBoacrBa mexa rodpora-
PbI» Ha MPEANPUATUN ODECTIEINBACT PEATNBAIUIO CIELYIONNX DyHKIIWH:
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1. OneparuBHOe/AeTasbHOE TUIAHUPOBaHHNEe. DTa (byHKIUS obecrnedn-
BaeT ONEepaTHUBHOE M JeTajibHOe TJIaHHUpPOBaHME PAbOTHI, OCHOBAHHOE HA
NpUOpUTETaX, aTPUOyTaX, XapaKTEPUCTHKAX U CBOMCTBAX KOHKPETHOTO
BH/Ia TPOYKIIUU, & TAKIKE JIETATHLHO U ONTHUMAILHO BBIYUCISET 3arPY3KYy
obopypoBanus npu pabore. Kpome Toro, merajabHOE ILTaHAPOBAHUE TO3BO-
Jster (POPMUPOBATH OMTUMAJIBHBIE C TOYKU 3PEHNST MUHUMI3AIIUN OTXOI0B
TJIAHBI PACKPOEB TOMPOMOIOTHA, BBITYCKAEMOTO rodpoarperaTaMu.

2. NMucneruepusanus npou3BoacTea. ObecmednBaeT TEKyIuii MOHUTO-
PUHT ¥ JUCIETYEPU3AMUIO TPOIECCa MPOU3BOICTBA, OTCIEKUBAS BBIIOI-
HEHHE Olepalyii, 3aHsATOCTh 000PY/IOBAHUS U JIO/EH, BBIIOTHEHUE 3aKa-
30B, O0bEMOB, MAPTUI ¥ KOHTPOJUPYET B PEATHLHOM BPEMEHU BBITIOJTHEHUE
paboT B coorBeTcTBHU C TLIAaHOM. [Ipwm peasm3aiuu BO3MOXKHOCTHA OpTa-
HU3AIWK y9€Ta BHIPAOOTKY B I[EXE B PEKUME DEATHHOTO BPEMEHU OTCJIE-
JKUBAIOTCSl BCE MPOUCXO/SAIINE U3MEHEHUs U BHOCATCS KOPPEKTUPOBKHU B
IJIAH Texa.

3. Yupassienue gokymentamu. KoHTpoOIupyer copepzKaHue U IIPOXO-
XKJIeHWE TOKYMEHTOB, KOTOPhIE JOJYKHBI COMTPOBOXKIATH BBITYCKAEMOE W3-
JieJive, BKJII0Yasi MHCTPYKIIUU W HOPMATUBBI PabO0T, CIOCOOBI BHITIOTHEHHS,
YEPTEXKM, CXeMbl MOIPY3KHU, KJHUIIE U IITAHI-(POPMbI, TPOIELyPhl CTAH-
JApTHBIX Oneparuii, COOOIIEHNsT O TEXHUYECKUX U3MEHEHUSX, MepeIady
uHdOpMaIK OT 1IeXa K [eXy, & TAK2Ke 00eCIeIrnBACT BO3MOKHOCTD BECTH
MJIAHOBYIO U OTYETHYIO IIEXOBYIO JOKyMeHTammio. [IpeaycmarpuBaercs ap-
XUBUPOBaHUE WHMOPMAINH 110 TEXHOJIOTUIECKUM KAPTAM.

4. Coop u xpaHeHue HAHHBIX. JTa QyHKIUA obecreanBaer nHMOPMa-
[HOHHOE B3aMMOIEACTBIE PA3TUIHBIX IPOU3BOJACTBEHHDBIX TIOJACUCTEM st
[OJTyYeHUsl, HAKOIJIEHUS U TePeIadd TeXHOJOTHIECKUX U YIPABIISIONIUX
JIAHHBIX, MUPKYJIUPYOMINX B MIPOU3BOACTBEHHON CPEle TPEIIPHUITHUS.

5. YmupaBjieHue MpOW3BOJACTBEHHBbIME Tporieccamu. OTCIeKnBaeT 3a-
JIAHHBII TTPOU3BOACTBEHHBIN MTPOIECC HA YPOBHE KOHTPOJISI BBIMTOJHEHUST
MPOU3BOJICTBEHHBIX 3aKA30B.

6. Yupasnenue npousBozacTsenubivMu poumamu. Ilogmepxka npomecca
TEXHUYIECKOIO OOCIIY2KUBAHUS, IIJIAHOBOIO M OIIEPATHUBHOIO PEMOHTA, IIPO-
MU3BOJCTBEHHOTO ¥ TEXHOJIOIMYECKOTO ODOPY/IOBAHNS B TEYEHIE BCErO MPO-
M3BOJICTBEHHOI'O TIPOIIECCA.

7. OrcnexxuBanue ucropun npoaykra. [Ipegocrasiaser uadOPMAIAIO O
TOM, TJI€ U B KAKOM MOPsIIKE BEIach paboTa ¢ JAHHBIM BUJIOM POy KIUH.

8. Ananu3 npousBoguTesbHOCTU. [IpenocraBisier oT9erbl O pe3ysibTa-
TaX MPOU3BOJICTBEHHBIX OMEPAIHii, 8 TAKYKE CPABHUBAET C MPEIbLIY MU
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U OXKWIAEMBIMHU pe3yJbraTamu. [IpescraBieHHbIe yIpaBIeHIeCKIe KOHCO-
JIMIMPOBAHHBIE OTYETHI MOT'YT BKJIIOYATH B CE0s TAKME M3MEPEHMU ST, KAK MC-
MTOTb30BAHUE PECYPCOB, HATUIHE PECYPCOB, BPeMsl IUKJIA TPON3BOJICTBEH-
HOT'O Pecypca, COOTBETCTBHE ILIAHY, CTAHIAPTAM U APyTHE.

BIIC IIIT «IlranupoBanue mpousBOACTBA mexa rodporapbl» yrnpas-
JISIeT TEKYIel MPOU3BOJCTBEHHON IEATETHhHOCTHIO B COOTBETCTBUM C TIO-
CTYMAIOMUMY 3aKA3aMu, TPEOOBAHUSAMY TEXHOJIOTMIECKO TOKYMEHTAIINH,
AKTYyaJIbHBIM COCTOsTHHEM ODODPY/IOBAHWSA, TIPECIEAYs IPU ITOM €U MaK-
CAMAJIBHON (P PHEKTUBHOCTH W MHUHUMAJIBHOW CTOMMOCTH BBIIOJIHEHNS
IIPOM3BOJACTBEHHBIX HpoueccoB. OHa 1O3BOJIAET ONTUMU3UPOBATDL YIIPaB-
JIEHWE TTPOU3BOICTBOM M CJEJaTh e€ro 0ojee PeHTAOETILHBIM 33 CYeT ObI-
CTPOIl peaknuu Ha MPOUCXOAAIINE COOBITHSI U MPUMEHEHUsS] MATEeMaTHYIe-
CKUX METOJOB IIAHWUPOBAHUS ¥ onTuMu3anuu packpoes. CocTaBiieHHbBIE
IJTAHBI PACKPOEB M TMPOU3BOACTBA MPOMLYKIINN OOECIEINBAIOT MTOBBIIIEHNE
3¢ PEeKTUBHOCTH TPOU3BOACTBA 34 CUET CHUKEHUS MTOTEPh MaTepHasia Ha
2-4 mpOoIEHTa IMOCPEACTBOM BbIOOPA PAIMOHAJIBHBIX BAPHAHTOB PACKPOS
ropOITOJIOTHA, W WX COYETAHUI, COKPAIIEHWs MPOCTOEB 00OPYIOBAHUS,
yIJI0THEeHNS TpadUKOB WX pabOTHI, YCKOPEHUs Mpolecca (HOpMUPOBAHUS
MIPOM3BOJACTBEHHON MporpaMMbl. BHeapeHne CHCTEMBI MO3BOIIIO CyTIe-
CTBEHHO CHHU3WUTH BpeMsi (pOPMUPOBAHUS MPOU3BOIACTBEHHON MPOrpaMMBbI
(c 4-5 yacos 1o 20-30 munyr). Unrerpauus ¢ Jpyrumu CUCTeMaMU Y MEHb-
IIAeT BIIUSTHUE YEIOBEYECKOrO (haKTOPa HA BBOJ JAHHBIX, CHUZXKAST BEPO-
SATHOCTh HEKOPPEKTHOTO BBOA U MOSBJIEHNS OIMIHOOK.

Paspaborka u onbiraas skcmryaranus BIIC IIIT «Ilnarnposanue mpo-
M3BOJCTBA I1€Xa roppoTapbly MOKA3BIBAET, ITO OCHOBHBIE YCHJIUS Pa3pa-
6orunkos ITO cocpemoradnBaroTcs Ha 00CIEI0BAHUN IIPOU3BOACTBEHHOIO
mporecca u 9eTkoit (hOpMyTUPOBKE KPUTEPUEB ONMTUMHU3AINN U 3AHUMAIOT
10 80% spemenn. Cam mponece nporpammuposaausa BIIC IIII ¢ menoms-
30BaHMEM KOHBelepHOil TexHosoruu mpon3soactsa I[10 cokparucs ¢ 3 10
1 mecdamna.
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I''MBPUJHAA METASBPUCTUKA
JJId IIOTOKOBOUM 3AJAYU ITITEUHEPA

B. . Kykun

IIpencraBiena rubpugHas METadBPUCTUKA JJisl [IOUCKA OIITHU-
MaJIbHBIX TOTIOJIOTHI B eBKJIMA0BOM 3amade [llTeitnepa ¢ mmo-
TOKAMU U 3aBUCAIIAMUA OT HAX BECAMU.

1. BBEJAEHUE

IIpo6uema [lreitnepa [1] ornocurcs K Kiaccy KOMOMHATOPHBIX 33124
MuHUMH3aUMU U sBiserca N P-rpyaunoii [2]. B uukie pabor, nocssién-
HBIX 0000menHut0 eBkanaoBoi 3amadn [llreiinepa Ha caydail ¢ moToOKaMm
u Becamu (IIOTOKOBOH 3a/a4e), NPOBEJEHBI UCCIEJI0BAHUS 110 PA3pabOTKe
npubInKEHHOTNO MeTona ee perenusi. QCHOBHBIE PE3YIbTATHI, TIPUBEIEH-
Hble B [3-6], BK/IIOYAIOT IBOJIOUMOHHYIO MOJEb, [EHETUYECKHUE OIepPaTO-
PbI, KOMIIO3UTHBIM aJITOPUTM C HAIIPABJIEHHBIM MOMCKOM U ONTHMU3AIUIO
YIPABJSIOMNAX TAPAMETPOB. AJITOPUTM YCHEIHO HAXOIUT PEIIeHUe 3a-
Ja4Yi He TOJILKO C MTOTOKAaMH, HO M 0e3 MOTOKOB. Perenne mpeacTaBIeHo
TIOJIHOM TOTOJIOTHEl M ONTUMAaJIbHBIMU KoopaumHatamu Touek lllteitnepa
(THI), opnoszuayuno onpenenstoimumu jgepeso reitnepa (AI) [1]. dnsa
onrumMu3anuu rosiozkenusi T ucronb3yercs oauHa U3 METOI0B HEIPEPHIB-
HOJ OMTWMW3AINKM MHOTOTapamerpudeckoii nenesoit bynkunn [7]. s
MOWCKA ONTUMAJIbHBIX TOIMOJOTHI JepeBa pa3paborana ruOpuIHas METa-
9BPUCTHUKA, METOIUIECKN ACITEKT KOTOPOi 00CYZK/IaeTCs B ITOI CTATHE.

OcHoBubIe onpegesieHus. [lycre P =< S, f > — kombunaropuas 3a-
Ja9a MUHUMHA3AIUN. 31eCh S — IMPOCTPAHCTBO JOMYCTUMbIX perenuii (mo-
UCKa); OOBIYHO S — KOHEYHOE WJIM CYETHOE MHOXKECTBO, & €r0 3JI€MEHTHI
— [eJble 9UC/ia, MHOXKECTBA, MEePEeCTAHOBKH WK Ipad)udecKue CTPYKTY-
poL Lenesaa dynkmua f : S — RT — HeorpumaresbHasd BellecTBeHHAS

© B. . Kykun, 2008



98 B. /I. Kyknn

dyukuua. Pemurs 3agauy P — 3Ha9uT HATH r100aJbHO MUHUMAJILHOE
pemenne s* € S: f(s*) < f(s), Vs € S. Ilycts N : S — 2% — bynknua
OKPECTHOCTH, Ha3HAYAOMWIAsd Vs € S MHOKECTBO COCEIHUX PElleHui, Uilu
okpecrrocTs N(s) C S. Pemtenne § € S Ha3bIBAIOT JIOKATHHO MUHUMAIb-
HBIM oTHOCHTENbHO OoKpectHOoCTH N (§), ecnu f(§) < f(s), Vs € N(8).
Ob6o3uaunm eBknmoBy 3ama4y lllTeiimepa B KOMOMHATOPHON MOCTaA-
HOBKe 4epe3 ESP = (S x X, f). 3gech S x X — mpoCTpaHCTBO JOMYCTH-
MbIX permenuit, S = {s = (s1,...,82n-2) : Vs; € N, i =1,...,2n — 2}
— MHOKECTBO TIOJIHbIX TONOJIOrUil epeBa (Mbl PACCMATPUBAEM TOJIBLKO Ta-
KM€ TOIIOJIOI'MHU); BEKTOD TOLOJIOMMH S OIUCBIBAET MOPAIOK COENMHEHUSI
n TEPMUHAIBHBIX BepmuH u n — 2 touek llreiinepa [1, 3. X = {& =
(1, Tn_2) 1 x; € R?, i=1,...,n—2} — muoxectso TIII, 3amaBaemMbix
KoopauHaTaMu. B 3amade 6e3 noTokos nesesasa pynkmnus f : S x X — RT
— cymMMa JJiH pebep aepeBa B eBKJINI0BOI Merpuke. B moTokoBoiil 3a1a-
4ye nemesas GyHKOus [ — CymMMa B3BEIIEHHBIX JJIMH JIyT JEPEBa: B Hel
Ka2K/1asl JIJIMHA yMHOKAETCS Ha 3HAYEHUE BECOBOH (DYHKIMU OT BEJTMUUHbI
noroka Ha xayre [5]. Byaem npeanonarars, 9To BecoBast byHKINS — HEOTPH-
HaTe/JbHas BENIECTBEHHAs BOrHYTas (DYHKIMs, XapaKTEPHAs JJIs KOMMY-
HUKAIMOHHBIX ceTeil. O4eBumHO, 9TO [ — MHOTO9KCTPEMAanbHasa QyHKIHUS.
Pemnrs 3amaqy ESP — 3Ha9uT HaliTH TJI00ATBHO MUHUMATIHHOE PEIeHne
(s*,2%) « f(s*,2%) < f(s,x), V(s,z) € § x X. Hecnoxuo nokaszarb, 4ro
JIOKAJIbHO MUHUMAJIBHOE DPEIeHNe MOTOKOBON 3a/1a4u [ CEeTH C OIHUM
CTOKOM — OPHEHTUPOBaHHBLIH rpad B BUe Kopresoro JIIT; riobanbHo Mu-
HUMaJbHOe penterne — MuruMaitbroe JJIT (M) [1]. CoorBercrByomune
pemenns B 3a7a4de 6e3 mOTOKOB — HeopuenTuposauube 1T w MIIII.

Metasspucruku. [Ipu permennn MEOruX KOMOMHATOPHBIX 331449, B 9aCT-
moctu, 3amaquu lllreitnepa, Tounbie MeTombl HE IDDEKTUBHBI JaKe TPHU
HAJIMYUU MOIIHON BBIYUCIUTETHHON TEXHUKH. DTO OTHOCUTCSA K 3aa9aM,
JIJIsl KOTOPBIX XapaKTepHa CIeyomas cuenuduka:

1. npuHaIE?KHOCTD Kaaccy N P-TpyHbIX 3a0a¢;

2. MHOTO9KCTPEMAJIbHOCTD IEIE€BOI (DYHKINN;

3. GosbIlIas MOTPEITHOCTh BXOAHBIX TAHHBIX B MPAKTUYECKUX MTPUJIO-
JKEHUSIX, BCIEJCTBUAE 9er0 OTPOMHBIE BEITUCIUTETHLHBIE 3aTPATHI HA, TIOUCK
TOYHOIO PEIIEeHUs JIUIIEHBI CMbICIIA.
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Jlis TakuxX 33,199 MPUMEHSIOTCS TpUOInKeHHbe MeToabl. OHu He ra-
PAHTHPYIOT HAXOXKJEHWsI ONTUMAJIHLHOTO PEIIeHUsI, HO TO3BOJISIOT MOJTY-
yarb 61u3Kue K HeMy (XOpolnue) pelieHus 3a npuemiemoe Bpems. Ilpu-
GJIMZKEHHbBIE METO/bI PA3/EJIAIOT HA KOHCTPYKTUBHbIE (IIOIArOBbIE) U Me-
TOJIBL JIOKAJILHOIO MOUCKA. [lepBble reHepupyiorT IMOJIHOE PEeIleHne, HAIu-
Hasi C MyCTOTO PeNIeHwsl W TOCIe0BATEIHLHO J00AaBIssS K HEMY MO OIHO-
My 3JieMeHTY. Bropble nTepaTuBHO 3aMEHSIOT TEKYIIee PEIeHUe JIyIIInuM,
Hai/IEHHBIM B €ro OKpecTHOCTHU. VI3BECTHO, 4TO MOMCKOBbIE METO/IbI 0bec-
MEYUBAIOT JIy4Illee KAYeCTBO PelIeHnil, a KOHCTPYKTUBHBIE CIUTAIOTCsT OO~
siee OpicTpbiMu. [TonckoBbie MeTOAbI 9(DDEKTUBHDI IIPY PEIIEHNH €BKJINI0-
Boit 3agaun [lreitnepa. Koncrpykrusnsiit anroputm Kpackama gias Haxo-
JKJIEHHUST MUHIMAJIBHOTO OCTOBHOTO JIePEBa /1aeT XOpoliiee MpUOInKeHHOe
pellieHne eBKJINI0BOM 33241 6€3 MOTOKOB, HO HE rapaHTUPYET ero MOy ie-
HUs JJIs TTOTOKOBOM 3a/1a491 U3-32 HEMPEJICKA3YEMOro Mepepacipe e ieHust
[OTOKOB TIpH JFOOOM U3MEHEHUH TOIIOJIOTUH.

K macrosiiemy BpeMmeHH MOSIBUIUCH PUOIMAKEHHBIE METO/bI, HA3bI-
BaeMble 0a3oBbIMM MeTasppuctukamu (basic metaheuristics). O6uienpu-
HSITOTO OIpE/IeJIEHNs TTOKa HET, HO UX TPAKTYIOT KaK CTPATErMy BHICOKOTO
YPOBHsI, YIIPABJISIOIINE SBPUCTUKAMU HUYKHErO ypOBHs. Paznugaator Mmero-
Ibl TpaekTopuii (trajectory methods), coxpausomiue ogHO perieHue, u mno-
nyJssuuonuble Merospt (population-based methods), coxpansitoue Koneu-
HOE MHOKECTBO (TIOMyJIAImio) pemennii. [IpuMepaMu MeTo10B TpaeKTopuii
CIy»Kar Taby-moucK (MOUCK € 3AIIPETaMMU), MOJEIUDPYEMbIil OTKUT, JIOKA/Ib-
HBIT TIOMCK C WTEPATUBHBIM yirydinenneM u Ap. [8-10]. K nomynsamuoHHbIM
OTHOCSITCST METOJIbI OMTUMHU3AINY MyPABbUHON KOJIOHUH U IBOJIONMUOHHOE
MoziesiupoBanue (9Bononnonnbie soraucienns) [10-18]. ITocneanue Britio-
9AI0T IBOJIONUOHHOE MporpammupoBanue (DII), reHeTuuecKue aJroOpuT-
mbl (TA), sBosmoronHbIe anropuT™bl (JA) U SBONIOINOHHBIE CTPATErHN
(20).

Ceituac nabironaercst TeHIeHIHsT pa3pabOTKU THOPHUIHBIX METaIBPH-
CTUK, OCHOBAHHBIX HA KOMOMHMPOBAHUU METOJOB, JIOIYCKAIOIEM HX Ye-
penoBanue u B3aumuoe Baenpenue. [losiBuiuch ciegyromme GOpPMbL M-
OpuaM3aIun: KOMOMHUPOBAHME DA30BBIX METAIBPUCTHUK; KOMOMHIPOBAHNE
METadBPHUCTHUK M CHCTEMATHIECKUX METO0B; CUCTEMbI TapasliebHbIX Me-
TAdBPUCTHUK.

IIpu paspaborke rEOPHUIHBIX METAIBPUCTHUK /s KOHKPETHBIX KOMOH-
HATOPHBIX 33/Ja9 BO3HUKAET BOIPOC O IEJIECOOOPA3HOCTH MCIOIb30BAHMS
TeX WU WHBIX KOMIIOHEHTOB 0A30BBIX METAdBPUCTUK. [ WX CpaBHEHUS
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MesK Iy cobOil MpeIoXKeH KOHIeNnTyasbHbIi noaxon [19]. Ou paccmarpu-
BAET METAIBPUCTUKY KAK CTPATErHIO, OCHOBAHHYIO HA JBYX B3aWMOCBSI-
3aHHBIX AJTBTEPHATUBHBIX KOHIENIUAX: JUBEPCUMUKAINN U WHTEHCHDU-
karuu. JuBepcudukaliusg — KOHIENIHs UCCIE0BAHUS TPOCTPAHCTBA, Pe-
LIeHnH, UCHoJb3yoias crenudruaecKne 3HaHus O 3a/1a9€ B BUJIE PA3INY-
HBIX 9BPUCTHUK. ITO CTUMYJUPYET MCCIEIOBAHUE €IIe HE TOCEIIEeHHBIX 00~
JIaCTell U TeHEPANNIO PEIIeHU, OTJNYHBIX OT TPOCMOTPEHHBIX paHee. VH-
TeHcuUKAINMSA — KOHIENINS HCCJIEI0BAHNS MPOCTPAHCTBA, OCHOBAHHAS
Ha MCTOPHH MOUCKA, coxpamseMoii B oneparupHoi namsatu [IK. ITpu sTom
nouckK (POKYCUPYETCsi Ha, U3Yy9IEHUU OKPECTHOCTEN SJTMTHBIX PEIeHui.

OTH KOHIENIUK PEATU3YIOTCS Uepe3 TPU OCHOBHBIX BUIA, KPUTEPU-
€B MpUHATHs perierus: 1o 1enesoit Gpyukuuu (IIP); mo ajbrepHATUBHOM
dbyuruyn, niu HA0OPY TPABUJI; C TOMOIIBI0 pangoMu3armu. OCHOBHAS 32~
Jlada mpu pa3paboTKe METa3IBPUCTUKH - TOOUTHCS TAKOrO B3AUMOJIEHCTBIS
KPUTEPHUEB, KOTOPOE MO3BOJIAT OBICTPO BBISBJIATH O0JIACTH MPOCTPAHCTBA
C PELIEHUsIMU BBICOKOIO KA4€CTBA W HE TPATUTb BPEMsi HA IIOMCK B 00Ja-
CTSIX, YK€ UCCIIETOBAHHBIX WJIU COMEPIKAIINX XYIIINE PEIIeHUS.

2. T'MUBPUJIHAS METASBPUCTHUKA

3/1eCh NpeCcTaBieHa METadBPUCTUKA, pa3paboTanHas /i HOTOKOBOM
szagaun Illreitnepa. Ona peann3oBaHa B aJropuTMe, OMMCAHHOM B pabo-
re [5]. BHenrHumii UK aJropuTMa KMUTHPYET MPOILECC BUI00OPa30BaHUS.
Hauunas ¢ ob1ero npeaka, ciydaitabie poauresu (OCHOBATEN) HOBBIX BU-
JI0B 0cobeil MocIe0BATEIbHO TeHEPUPYIOTCs ¢ TIOMOIIBIO OMepaTopa, CIIy-
YaWHbIX MyTalyil, 8 UX HAYAJIbHBIE MOMYJIAIUN — C IIOMOIIBIO OIIEPATOPA
CEJIEKTUBHBIX MyTamuii. BHyTpeHHUN NUKJI aJropuTMa MOAETUDPYET IBO-
JIIOIWIO HAYAJIHHOM MOMYJISINN KAK MOCIEI0BATEIHHOCTh 9epE Ty IOIIIX-
Cs Tap MOKOJIEHWI MyTaHTOB M THOPUIAHBIX 0cobeii. OHM MOPOKIAIOTCS C
MOMOIIIBIO OMEPATOPOB CEIEKTUBHBIX MYTAIM U KPOCCUHIOBEPA COOTBET-
crBerHo. [Iporece 3BooNnN 3aKaHIUBACTCS, KOTJIA Yy dllleHnii HeT HU B
OJIHOM ©3 NOKOjieHui ouepeHoi napsol. Jlyamas no II® ocobs nociennei
MOMYJIAIUU OTOMPAETCST B JUTHYIO TPYIIY, BHITECHSS W3 HEE XYIIIYIO.
ITocne 3aBepiennst pabOTHI AJITOPUTMA, U3 ITON IPYIIIIHI BEIOUPAETCS JIyd-
iee 10 SKCIEPTHON OLEHKEe pelieHre (MM MOXKET OKA3aThCsl JIydllee II0
suavenuto 11®). Pemenue npexcrasieno B suge I ¢ nonnoii rononoru-
eil.

AJIrOpuTM HAXODUT XOPOINNE PEIIeHUsT KaK [JIsi 33Ja9Yh C TTOTOKAMM,
Tak ¥ 6e3 MOTOKOB, IpUYeM 3a npuemsemoe Bpems [5,6]. Hanpumep, nis
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3amadn pazmepHocTbio n = 10 on naxoaut MJIIII wva 1-it unu 2-it ureparum
3 5 33IaHHBIX, BRIMOMHA mocaesane 3a 0.2 mun. Ha [IK ¢ Intel Celeron,
800 Hz, 256 RAM. Yro6er maittu M/IIII, Tounblii airopuT™ JOIKEH TPO-
BepuThb 2027025 BApUAHTOB. AJITOPUTM HUCYEPIBIBAIOIIETO U HEM3OBITOTHO-
ro nepebopa nosHbix rounoaoruii [20] 3arpadusaer Ha 910 OKOJIO 35 4ACOB.
OPPeKTUBHOCTH pabOTHI TPUOINIKEHHOTO aJTOPUTMA, BO MHOTOM OTpeIe-
Jsiercst 3PHEKTUBHOCTHIO THOPUIHON METAIBPUCTUKY, PEAJTMIOBAHHON B
meMm. Ee cnenmduka npeacrapiena B Ta0j1.1 u MOSCHAETCS HUXKE.

Tap/MUA 1. T'ubpuaHas METAIBPUCTHKA

Omneparusa

Buosiornueckmnii
aHaJor

KoMmnoneHTsI

Bunoo6pasoBaHue

1. UrepaTuBHbrii
pectapt

Cryuqaitueiit poguress

OmnepaTop cirydaitHbIx

MYy TaIui

2. ®opmupoBanme
HUCXOIHON 00acT!

Hauasbrast IOy JIAI A

Oneparop cesleKTUBHBIX

MYyTanuit

Kpurepuit ocramosa

Yucao ureparmit

DBoronus
HOILY JISALIN

3. Pacuiupenue
UCXOIHON 00acT!

Ilokonenne MyTaHTOB

Oneparop cesleKTUBHBIX

MYTaIuii ¢ TONCKOM

TTokonenwne ruGpUIHBIX
ocobeit

OnepaTop KpoCCHHTOBEPA

C IIOUCKOM

4. JlokaJabHO
MHUHHUMAJIBHOE
perenne

Jlyqamas ocobb

Ot6op mo 3unagenuio [P

Kpurepwuit ocranoBa

Her ynyumennit mpn
paciupennu 00JIacTH

5. Taby-crucok

DuinTHas Tpynna

Iloporosoe
perierne

Xymmmas 0cobb

Suagenne 1D

Jlydrmmee pernrenne

Jlyamas 0ocobb

OKcrepTHAs OIEHKA
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Paszbuenue MHOXkecTBa Tonosoruii. [IpnbanrKeHAbIe aJIrOPATMBI 9a-
CTO WCMONB3YIOT MPOCTOH M 3 (HEKTUBHBIA MEXaHW3M PECTAPTA: OHHM BbI-
HONHAIOTCA 3aJaHHOE 9HCIO Pa3 ¢ PA3HBIX HAYAILHBIX pemennii. Bo Brem-
HeM IUKJIEe aIropuTMa |5| MCIONb30BaH PeCTapT, SKBUBAJEHTHBIH UTEPa-
THBHOMY Pa30MEHHMIO MHOXKECTBA TOIOJOIMH HA OTAEIbHbIE 0OJACTH CJLy-
yaitaeiM 06paszom. IIpomece MOKeT HAYNHATHLCSA C JII0OOTO PENIEHUsT C TO-
nosiorueit s; € S. VI3 HEro ¢ moMoOIIbIO OMEPATOPa CEIEKTUBHBIX MyTaluii
MOPOKTAETCA HAYaIbHAs TOMYJIAIUA U3 7 0COOel MepBOro BUIA, a UX TO-
nosoruu O6PasyoT MEPBYI MCXOAHY obmacte M; = Ni(s;) C S, the
Ni(s1) — okpecraocTb Tononoruu s1 u [Ni(s1)| = r. 3arem oneparop ciy-
YaHHBIX MyTamwii OyIeT MPUMEHEH K $1, YTOOBI TeHEPUPOBATH CIIyJaiHyI0
TOTOJIOTHIO POJUTENIST BTOPOTo BUAA So € S u My = Na(s2) C S u ..
Takum 00pa3oM, HAYWHAS C OOIIErO MPEIKA S1, TOMOJOTUU CIyJIalHBIX
ponuTenei 6yayT MoCaeI0BaTeIbHO IIOPOKIATHCA IPYT U3 JIPYTa.

BepodaTHOCTb MOBTOPHOIO IIOMYYEHUS TOIIOJOIHA POJUTE JOCTATOY-
HO MaJsta. DTO 06ECHEINBALTCA MPOCTHIM YBETUIEHHEM HOPMBbI (YIIPABJISIO-
IIETO TIApaMeTPa) ONepaTopa CIydaiubix My ranuii. OaHoil crydaitHoii Mmy-
TAIM¥ COOTBETCTBYET OJHA TPAHCIO3NIMs B BeKTope Tomosoruu [3]. [Ipu
9TOM BEPOSTHOCTH MOBTOPEHUST TOMOIOTHH He mpesbimaer 1/(2(2n — 6)),
rae n > 3. Hopma oneparopa 3amaer ducio rpancno3unuii. [Ipu BbInos-
HeHuM K TPAHCHOBUUMI BEPOATHOCTH HOBTOPHOIO HOABJICHUSA TOMNOJIOTUM
— e Gomee 1/(2(2n — 6))*.

KoMmbunupoBaHune 6a30BbIX METABPUCTUK. MeTo1bl TPAEKTOPHii XO-
POIIIO UCCTAEAYIOT OTAETbHBIE 0OIACTH MPOCTPAHCTBA, HO HE BCErA BBIXO-
JAT U3 0DJIACTH JIOKAJIBHOTO SKCTPEMYyMa U3-33 TOTO, YTO MOCIEIYIOIIee
PEIIeHre UINETCS B OKPECTHOCTH TPeAbIaAyIero. [omy isanunonabie MeTOIbI
XOPpOIIO WACHTUMUIUPYIOT NEPCIEKTUBHBIE 00JIACTH, HO €CTh OMACHOCTH
MIOTEPSTH XOPOIIee PereHne u3-3a TOro, YTO MOCTEIYIOIee PelleHne Mo-
2KET CYIIEeCTBEHHO OTJIMYATHCA OT Hpenablayiiero. KoMOnHUpOBaHIE ITHX
METO/IOB BBITJIAIUT IEPCIEKTUBHBIM, HO, HACKOJIbKO H3BECTHO, PAHEe He
TIPUMEHSIIOCH K TOTOKOBOI 3a7a4e llteitnepa. Bo BHyTpenHeM 1ukae aJ-
TOPUTMA WCIOIH30BAHO BHEIPEHWE JIOKAJIBHOTO IMOWCKA C UTEPATHBHBIM
yJIydIlleHuEeM B OPUIMHAJbHbIE MeHeTudYecKue oneparopsr [3]. dra dopma
ruOpuan3annn 00eCIeInBACT CIEAYIONINEe BO3MOKHOCTH.

1. Pacmmpenne ucxoanoit obnacru. KomOuaupoBanue omeparopa ce-
JIEKTUBHBIX MYTAIIA# ¥ JIOKAJTHHOTO TOUCKA MO3BOJISET TUHAMUYIECKH PAC-
IMIUPSATH UCXOAHYIO 00sacts M;, rhe ¢ — ee MOpsiAKOBBIA HOMEp. Pacriu-
perHad obmacts M; C M} C S dbopmupyerca crnegyomuM odpaszoM. g
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KaxkI0ro s € M; crpomntcs okpectHOCTh N;(s), comeprkalias MHOMKe-
CTBO TONOJIOTHi, COCETHUX C TOMOJIOTHEN S OTHOCUTEIHLHO BEPIINHBI j, TJIe
j =2,...,2n — 2 — HOMEpA BCexX BepIIUH JepeBa, Kpome Kopus. Orpect-
nocrs Nj(s) mpocMarpuBaeTcs 10 HaXOXK/EHHst 1epBoii Tonosoruu s', Ja-
fomedi yiaydinenue nenepoil dynknun. Ecin ono He maiineno, N;(s) or-
OpaceiBaercst i dopmupyercss okpectrocth Nji1(s). B mpornsroM city-
qae N;(s) mpucoemuusiercst K M}, 1 MOUCK IPONONIKAETCS B OKPECTHO-
cra N,jyq(s’). Takum obpaszom, mis xazxkmoro s € M; crposres 2n — 3
okpecTHOCTeMH. [Ipr 3TOM IHCTIO TPOCMATPUBAEMBIX TOITOJIOTHH — Cydaii-
HOE 9IMCII0 U3 mpoMexkyTKa [2n — 3, ki (2n — 3)], toe k1 — HopMa oneparopa
CEJIEKTUBHBIX MyTanuii. Pe3ysbrar moncka — HAXOKIEHWE JIydIneil moj-
HOI Tomojyioruu § € M W COOTBETCTBYIONIETO JIOKAJTLHO MUHHMAJIBLHOTO
pemenus (§,%) € M x X.

2. UccnenoBanme pacimmpentoii obnacru. Kombunuposanme omeparo-
Pa KPOCCHHIOBEpPA U JIOKAJBHOIO MOUCKA MHTEHCU(DUIIUPYET HAXOXKICHUE
yJrydiienuit nenesoit pyuknuu B pacmupennoit obiacru. C nomMorbpio ome-
paropa KpoccuHroBepa anid § € M dbopMHpYIOTCA NONHBIE MOIIEPEBbs
3asanHoil pasmepHocTH ¢ KopHsivu B TIII: j = 1,...,n—2 [3]. Ilo paccmot-
PEHHOH BBINIE CXeMe JIjisi MyTaluii MOCIEI0BATETLHO CTPOUTCS CHCTEMA
n — 2 okpectrocteit N;(8). Kaxknas okpecrnocts comepxkut |N;(8)| = ko
[OJTHBIX TOIMOJIONUil, YUCJIO KOTOPBIX OJTHOZHAYHO OIPE/IEIIACTC PA3MEPHO-
CThIO moamepeBa. Tormga Yucao MpOCMATPUBAEMBIX TOMOJOTHNA — TOPSIIKA,
ka(n — 2). Iosmy4eHHoe € OMOIIBIO OMEPATOPA MYTALH{ JIOKATHHO MUHH-
MajbHOe perienue (8, %) MOkKeT ObITh yJIYUIIEHO 33 CYET UHTEHCUBHOIO
HCCIIeIOBAHNST PACIITUPEHHON 00IACTH.

3. UepenoBanue oneparopoB. B momysisiiuOHHBIX METOJAX JAeiCTBHE
orepaTropa MyTanmii CBsi3aHO ¢ AuBepcudmKkamnmeii, a omepaTopa Kpoc-
CHUHTOBepa ¢ nHTeHcuduKanuei moncka. [losromy memecoodbpasso cHagasia
MPUMEHSTH OMEPATOP CEIEKTUBHBIX MYTAIWi /I TUHAMAIECKOTO PACIITH-
PEeHUsS UCXOTHON 06JIaCTH, 3aT€M — OMEPATOP KPOCCHHTOBEPA I UCCIIe-
JOBaHUsA 3TOH 00J1aCTH.

4. YrouneHue KPpUTEpHs OCTAHOBA. Y KA3aHHbIE CBOUCTBA FEHETHICCKHUX
OTepaTOPOB MO3BOJSIOT YIPOCTUTH KPUTEPHil OCTAHOBA BHY TPEHHETO IIHK-
Jia anropuTMma. /loCcTaTouHO OTCIeKUBATH YIIydIIeHUs TeIeBOH (hyHKINH,
KOTOPbIE HAXOIUT OMEPATOP CEJIEKTUBHBIX MYyTaluii G1arogaps BHEIPEH-
HOMY B HEr0 JIOKAJIbHOMY MOUCKY. ECu B KAKOW-TO HTepaluy UKJIA Yy d-
HreHyus He ObLIO, 3HAYUT, MHOXKeCTBO M, He H3MEHAIOCh, U HOUCK € IIOMO-
IIHIO OTMlepaToOpa KPOCCHHTOBEpa HUYero HoBOro He jact. OctaHOB rapaH-
TUPYETCs JIOKATBHBIM XapaKTepoOM TOUCKa [6].
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5. O6xox BepriuH AepeBa. [IpuBs3Ka MOMCKA K MOPSIIKY PACIOIOKE-
HUsl BEpINUH [I€PEBA BHOCUT HAIPABJIEHHOCTb B PACIIADPEHUE UCXOIHBIX
obstacreit n mMouck Jaydmux Tomonoruii. [Ipu permennn moOTOKOBOM 3a0a4n
OTME€YEHA YCTONYMBOCTD KOH(DUTYyPALUK JePeBa B IPUKOPHEBOH obiacTu,
rae ayru uMeroT oosbinuit Bec. IloaTomy BazkHO Hampas/enne 006Xoma Bep-
muH. UTOOBI JIydIlie OTC/IEKUBATH MEPCIEKTUBHBIE MEPEPACIIPEIETICHUS
MTOTOKOB B PE3yJIbTaTe MYTaIWii, HAJIO ABUTATHCS OT mepudepun K KOPHIO
nepeBa. UToObI COXpAHUTH HAIIEHHBIE ONEPATOPOM KPOCCHHIOBEPA, YIIyd-
IeHnsi KOHMDUTypanuu, creyer IBUraThCs OT KOPHs K mepudepun. IJra
[IPOCTAast SBPUCTUKA XOPOIIO PAOOTAET /115l HOTOKOBOM 3312491 U HEHTPaIb-
Ha IJIA 3371a49U 0e3 TTOTOKOB.

6. Pa3smep momyssiuum. 9TOT mapaMeTp peryJIupyeT COOTHOIIIEHNE MEK-
ny nueepcudukanyeit u nareHcudukanueit moucka. A u I'A 06branHO Xpa-
HSAT TOMYJISIAI0 DOIBIIOr0 Pa3Mepa, YTO IKBUBAJIEHTHO PA3OMEHWIO MPO-
CTpaHCTBa pemrennit Ha Oosbine ucxomuble obsactu. KomOunupoBanme
METa’BPUCTUK II03BOJIET [IPOCMATPUBATH OOJIBILIOE YUCIO TOLOJOIHA U
cpa3y orOpachiBaTh HEMEPCIEKTUBHBIE, TOITOMY MOXKHO YCIEITHO Pado-
TaTh C MOMyJIAIueil HeOOIbIIOTO Pa3Mepa, U B YaCTHOCTH, C MOy IsIueit
A3 OJHOI 0cobu.

Pangomuzarnus. CiydaiiHOCTh — HEOTHEMJIEMBIN KOMIIOHEHT pa3pado-
TaHHOW MeTa’BpucTHKU. OHA MPOABISETCS B JEHCTBUAX TEHETHIECKUX
OIIepaTopoB, & TAaKXKe B KPATEPUHM OCTAHOBA ITOUCKOBBIX IIPOIECCOB BHY-
TPEHHEro HUKJA ajropurma [3, 4], XoTsi u He UCUYEPIBIBACTCS UMU.

Duinthas rpynna. OHa SBISETCS AaHATIOTOM CITACKA, 3AITPEIIEHHBIX PEeIlie-
HU B TaDy-TIOMCKE W YCTAHABJIMBAET TOPOT JIjIsi TIOMCKA, HOBBIX JIOKAJIBHO
MUHUMAJIbHBIX pernenuit. [lociie HaxoxaeHus JTydimneil TOMOJIOIUU B Pac-
IAPEHHON obs1acTu u nocaemytorieit ontumu3anun Koopauwaar TII momry-
qaem 1. Ecimu ero 3nadenue mesieBoit GyHKIUN JydIle, 9eM Y XYAIIEro
JIII, BTOpoe BuITecHSAETCA TepBbIM. IIpu 9TOM TeKyIas BeInInHa TOPOTa,
U3MEHUTCS. DJIUTHAS TPYIIa HEOOIBIIOrO pa3Mepa nMeer 060JIee BhICOKMIT
MIOPOT, 9TO CTUMYJIUPYET IJI00ATbHYIO AUBEPCUMUKAIUIO TTOUCKA.

3. 3AKJIIOUEHUE

[Ipensioxkena rubpu/iHas METAIBPUCTUKA JJIsi IIONCKA ONTUMAJIBHON TO-
nosioruu B eBK/nA0BO# 3a7a4e [lreiinepa ¢ moTokamMu u 3aBUCAIIUMUA OT
HuX Becamu. HacKOIbKO W3BECTHO, HU OA30BbIE, HU THOPUIHBIE METAIBPU-
CTUKH paHee He IPUMEHAIUCH K ITON 3ajade.
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Anropurm 3¢ HekTUBEH MPU PEITIeHnN TTOTOKOBOH 3a1a9u, TOCKOIbKY
B HEM HCIOJb30BAHBI YBPUCTHUKH, PA3PAOOTAHHBIE C YIETOM CrHenudUKI
HMMeHHO 3To# 3agaun. OJHAKO ero MOXKHO YCIENIHO IPUMEHITh U K 3a1a4e
0e3 IOTOKOB.

OcHOBHbBIE IIPUEMbBI [IOCTPOEHUs THOPUIHON METAIBPUCTUKH HOCAT 00-
Uil XapakTep u MOTyT ObIThH mosie3ubivu 11st 3aaaun [l reiitnepa va rpade
WJIA HA TPSAMOYTOJIBHON PEIETKE.
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TEHEPAIINA WEB 2.0 CTPAHUIL
HA OCHOBE XSD CXEM

B. IO. CoJIOMATOB

B mamnoit crarbe omuchiBaercs cucreMa reHepauuu  Web-
caiitoB Ha ocHOBe XSD cxem.

1. BBEJIEHUE

Bajiaua yrnpouieHus: Co34aHus IPUIOKEHUH sIBJISIETCsT OJTHON 13 Hanbo-
see Baxubix B 1T uagycrpuu. Jlannas cucrema, pa3paboTaHHAS aBTOPOM
CTaThU, MpEIHA3HAYEHA [IJIs aBTOMATHYECKONW reHepanuu roroBbrx ASP
.Net crpannt Ha ocroBe XSD cxem. XSD — XML Schema Definition. XML
Schema-onuna u3 a3bikoB onucanus cTpykrypbl XML mokymenta. XML
Schema nonyuuna craryc pekomenganun Koncoprmyma W3C 2 mas 2001
ro/Ia, CTaB MEPBBIM CTAHAAPTOM onucanusa XML, momyduBImmM cTaTyc pe-
romerganun. Kak 6ombmuaCcTBO s3b1K0B onucannsa XML, XML Schema
ObLIa 3aIyMaHA [IJIsT OTIPE/IE/IEHNUST TPABUII, KOTOPBIM [IOJI2KEH TTOIINHATh-
cs nokyment. Ho, B orimume or apyrux s3bikoB, XML Schema 6bui1a
paspaboTrana Tak, YTOOBI €6 MOXKHO OBLTIO HUCIOIB30BATH B CO3JAHUU IIPO-
rpaMmMHOro obecmevenus Ay obpadborku mokymentoB XML. ITocre mpo-
Bepkm J0KyMeHTa Ha coorBercTBue XML Schema, unraromas nporpamma
MOXKET CO3JAaTh MOEIbh JAaHHBIX JOKYyMEHTa. KaskKablii jeMeHT B 3TOit
MOJIeJIA ACCOLUUPYETCS C OIPEIESIEHHBIM TUIIOM JAHHBIX, IO3BOJISAS CTPO-
AThb B HaMATH OOBEKT, COOTBETCTBYMOIHUA cTpyKType XML-mokymenTa.
fI3bikaM 0OBEKTHO-OPHUEHTUPOBAHHOTO IIPOrPAMMUPOBAHUS OPA3I0 JIeTr-
Y€ MMETh JeJI0 C TAKUM OOBEKTOM, 4eM C TEKCTOBbIM daitom. B cpeae
.Net XSD cxembr mosiyuusiu mupokoe pacupocrpanenue. OHU TPUMEHSIOT-
cs Jist TeHepaln tunn3nposanubix DataSet o6bexros n3 ADO .Net [1,2],
onuchbiBas ux crpykrypy. T.0. obpazom ¢ nomomnipio XSD cxembl MOXKHO

© B. IO. Comomatos, 2008
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OIIMCATHh CIPYKTYPY JAHHBIX, HEOOXOIMMbIX /it BHIOODKM, HA OCHOBE pe-
JISIMOHHOW MOJIEJIN, & TAK K€ CHOCOOBI JOCTYIIa K HUM B 3aBUCUMOCTH OT
KOHEYHOTO MCTOYHUKA JAHHBIX.

$ D

# D
Accounthame FeceiverID
Password SenderlD
Email Text
Deescription J——— Date
RegistrationDate Tshews
LastisitDate Senderfccount
BirthdayDate Receiverfcoount
Firsthizme 0 sentMessagesTableAdapter (2]
e LastMame -
o i Fill, GetData ()
'3 usersTableAdapter =
ey Fill, GetData ()
2 Filly, GetDataBy (@startRowlindex, @maximnumfo...
sl GetCount ()

Puc. 1. Ilpumep XSD cxembl Bu3yajm3upoBaHHON ¢ HO-
morpio Visual Studio

2. HIABJIOH CITEHEPUPOBAHHOW CTPAHULbI

[ITa610H CTpaHUIBI COCTOUT U3 MEHIO BHIOOpA HYKHOIT TAOIHUIBI U Ca-
MO# TaOuUIbl. PessiinoHHbIE OTHOIIEHNST MEXK/Iy TAOJTUIAMA COXPAHEHBI
B cTpPyKType MmeHto. [ KaxKa0# BeIOpAHHON TaOMHIBI, HMEIOIIEeil 1o9ep-
Hue TabJIUIBI, MOYKHO BBIOPATH HEMOCPEACTBEHHO OTYETHI IO IEPBUIHOMY
KJIIO9y, KaK 9TO TOKA3aHO HA PUCYHKe HuKe. Ha3BaHWsi MyHKTOB MEHIO
MOKeT OBITh 33JaHO MOIb30BaTe eM ¢ momornbio XML daiina mpeodbpaszo-
BAHUA HA3BAHUN C 33JaHHOU CTPYKTYPOI.

IIpu BBIOOPE OIpE/1eIEHHOrO IIYHKTA UJIU MIOJILYHKTA U3 MEHIO Me€HePH-
pyercs web tabiuna ¢ JAHHBIMU, BHIOPAHHBIMU W3 MUCTOYHUKA, JTAHHBIX, B
COOTBETCTBUY C TPABUJIAMU OmpeaeseHabiMu Tekytneir XSD cxemoit. Ec-
JI BBIOMPAETCs MYyHKT U3 TOIMEHIO, TO TTPOUCXOANUT BHIOOPKA JAHHBIX U3
obbekta DataSet mo mepBuuHOMY Kitody 6e3 obpaleHuss K UCTOYHUKY
nanabiX. s 6omee yamobnoro n 6osmee mHGOPMATHBHOIO OTOOPAXKEHUS B
TabJInIe MO PKUBAIOTCS:

® AaBTOMAaTHU4Y€CKad COPTHPOBKA JAHHBIX I10 CTOJ'I6L[&M
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Users
Messages M| Userl
MiddleEducation|®| User 2
Schools .
Universities .

Facultes Tser N

HighEducation

-

Puc. 2. Menio crerepupoBaHHON CTPAHHUIIHI

® TIOCTpAHWYHOE pa3bueHue TabJIUIL
® TIOUCK IIO Ta6JII/IILe B COOTBETCTBUHU C BbI6paHHbIMI/I KOJIOHKaMHU UJIN
II0 BCEM KOJIOHKaM
HO,HHI/ICI/I AJ1A KOJIOHOK B CKPBIThbIE KOJIOHKH MO2KHO TaK 2K€ OIIPpEeAe/INTb
B (haitiae mpeobpa3oBaHwmii.

Address IG:I hittpe fflocalhosk: 1900/ Def ault aspx

[onezosarenn

Hmn nexTpoHHan Jara Tocm
Ornpaenennse coobuenus b ID Huma Panmima P —— Mapom T STIEY BT
Cpeguee cbpazosanue 3 11102007 3001
Mxonu 4 George Bush second pass bushi@yahoo.com ; :
YV HHEEPCHTETH 1? 1?} 23;07 ;; :;1
FaymereTn 5 Muzxaun Jlomonocor Lomonosow pass]  lomonosovi@mal ro 1043'04 17 14'

Brcmee cbpasopanue » Bush George
Monyuennue coobmenna P Nomonocos HAHT " 11102007 08.02
Pusin Viadans Vladmir 123 pass vp(@gov.r 104304 1226
Heanoe Hean 11.10.2007  30.01
Tagson Michael i lognl234 12345 Ivanovi@mal com 104304 1714
) ) . 11102007 30.01.
10 Michael Tayson Iichael 11111  tayson@bonng com 104304 1714

12343

Puc. 3. Yacrp ordera jyist tabiuipt Users (macka ITonbzoBarenn)

s nanabix uMeroux tun u3 nepeunciaenns ColumnTypes peaauzo-
BaHBI CHEIHUAIbHBIE JIEMEHTLI YIPABJICHA I OTOOParKEeHUs ITUX aH-
HBIX.

3. PEJAKTUPOBAHUE JAHHBIX

Bo3MO0KHOCTD peTaKTUPOBAHNS, YAAJIEHUS U 100ABIEHUs JAHHBIX MO-
KeT OBITh OmMpejiesieHa Tak ke B daite kKoudurypamun. PerakTtuposa-
HUE OCYLIECTBJIAETCS B COOTBETCTBUM C THIIOM JaHHbIX. Hanpumep, mau-
Hble THUIA String pPeJAKTHPYIOTCH C MOMOIIBIO JIEMEHTOB yIPABJICHUS
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asp:TextBox, tuna DataTime c¢ nomomnipio asp:Calendar u r.1.. Pegak-
TUPOBAHUE JAHHBIX U3 IIOJIell, CBA3aHHBIX C MOJISMH APYTUX TAOIUI, B
[EJITX OTPAHWYEHUS IETOCTHOCTH JTAHHBIX, OCYIIECTBJIISETCS TOCPEICTBOM
s7emenTa ynpasienus asp:DropDownList. O0bexkTh u3 pOAUTETHCKUX Ta-
Oyt cranoBsTCs dsmementamu DropDownList s pegakTupoBanust moseit
73 JTOYEPHUX TAOJIHUIIL,

= Owxrabpe 2007r. =2 =

Ila Br Cp Uz It €6 Be IIm Br

24 23 26 27 282930 31 1
23456778

|12345 |Ivanm@mail.cnm

Puc. 4. PegaktupoBanue TaOIATIBI

Kaxk y»e roBopmwjioch, TaHHbIe MOT'YT OBbITH IIPEICTABJIEHBI TUIIOM, HE
SABJLIOIMMCH cTangaprabiM (Hanpumep, Media — tun orobparkenus Bu-
neo). Jus seex tunos u3 ColumnTypes pazpaboranbl COOTBETCTBYIOLIKE
MOJIb30BATE/ILCKIE JIEMEHTHI YIIPABJIEHUS OTOOPAXKEHUS U PEJAKTHPOBA-
Husi JaHHbIX. JloOaBjieHre HOBBIX JAHHBIX OCYIIECTB/ISIETCS AHAJIOTHIHO
PEIAKTUPOBAHUIO.

| _Browse. | "pload |

ﬂb]lmachame]

Puc. 5. Dnement ymnpasieHus 3arpy3ku n300parKeHust
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4. DOPMATUPOBAHUE TABJINI]

Koneunoe dopmarupoBanme Tab/ull OCYIIECTB/ISETCS MPU TTOMOIIN
xml-daitna <DataSchemaName> CM.xml, riae DataSchemaName — nms
cxeMbl JaHHBIX. [Ipu momomu 3Toro daiiia MOXKHO KOH(MUTYPHPOBATH
dopmar orobparkenus Tabauil faHHbIX. Ha pucynke 4 npeacrasiena xsd
- cxeMma Basauganuu (aitos popMaTHpOBAHUSI.

olumnTypes Istring
Link.

F enurneration !
F enurserstion  File |
F enureeration  LinkFile |
F enummeration  Image |
F enummeration  LinkImage |
F enureerstion  Media |
F enureerstion  LinkMedia |
— J olumn {Colmn)
A narme skring |
m - ‘ A header_test string :
ormatTable  [FormatTable) A allow_sorting boalean |
I‘:r;:tt‘l‘-l'ﬁ? k(ioorr:.:t.;its))! | E Column {Coluran) ! 0 column_type ColumnTypes |
| E Paging {Paging) | A sub_menu_num noriNegativelriteger |
| A name string | A visible bookean I
‘ A header_text  string | { I
A menu_text string :
|

&= fPagingd |

| A page_size skring |
B —

Puc. 6. Cxema dpopmarupoBanus tabiuiy

Hwuxe mpencrassen npumep gactu daiiia dbopMaTupoBanus TabJINII,
<?xml version="1.0" standalone="yes"?>

<FormatTables xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
xsi:noNamespaceSchemaLocation="ColumnsMapping.xsd" >

<FormatTable name="Users"
header text="Cnucok Bcex nonp3oBareseii cucrempr"
menu__text="ITosb30Barenn»

<Column name="ID" header_text="ID" />
<Column name="FirstName" header text="Wwms"
sub_menu_ num="1" allow _sorting="true" />
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<Column name="LastName" header text="®amumnsa"
sub_menu_ num="0" allow _sorting="true" />

< Column name="AccountName" header text="Vwms mons30Barensa"
allow_sorting="true" />

<Column name="Password" header_ _text="IIapomns" />

<Column name="Email" header _text="nekrponnas noyra" />

<Column name="RegistrationDate"
header text="/lara perucrpamun" allow sorting="true" />

< Column name—"LastVisitDate" header text—"Ilocnenuuii Bu3ut"
allow_sorting="true" />

< Column name="BirthdayDate" header _text="/lara poxmenus"
allow _sorting="true" />

<Column name="Description" header_text="Onucanue" />

<Column name="Sex" header _text="IIoa" />

<Paging page_size="5" />

< /FormatTable>

<FormatTable name="SentMessages"

menu__text="OrnpaBiennbie coobmenus" >

<Column name="ID" visible="false" />
<Column name="ReceiverID" visible="false" />
<Column name="SenderID" visible="false" />
<Column name="SenderAccount" header text="Ornpasurens" />
<Column name="ReceiverAccount" header text="Iloxywarenn" />
<Column name="Date" header text="Ilara"
allow_sorting="true" />
<Column name="Text" header_text="Tekcr coobenus" />

< /FormatTable>

< /FormatTables>
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Crpykrypa daitna popmarupoBanus TabJIUI COCTOUT U3 HAOOPa 00b-
ektoB FormatTable, kaxkmapiii Takoit 0ObEKT OMUCHIBAET (POPMATHPOBA-
nne tabauiel. CBsa3b oobekTa FormatTable ¢ tabimmeit w3 cxembl maH-
HBIX OCYIIECTBJISETCS Yepe3 yKa3aHwe WMeHW TaOJulbl B aTpudyTe name
u3 FormatTable. Kaxxaprit 06bekT (hopMaTupOBaHUs TAOIHUIIBI COAEPIKUAT
Habop obbekroB Column ommchiBaoonmx GOpMATHPOBAHUE KOJOHOK Te-
Kyuieit Tabsmipl. CBa3b Mexkay obbekTom Column u KOJIOHKOM M3 CXEMbI
JIAHHBIX TaK K€ OCYIECTBJIsIeTCS Yepe3 arpudyT name smementa Column.
B kax oM snemente Column MOXKHO yKa3aTh CiieayroInue arpudy s hop-
MaTHPOBAHMWS:

e header text — moanuch KOJIOHKH B TAOJIHUIE

e allow sorting — arpubyT pazpemaroniuil uin 3amnperiaini pea-
JIN3AIWI0 COPTUPOBKU I JAHHOUW KOJIOHKHW, €CJii true TO COpTH-
POBKa OCYIIECTBJISETCS B COOTBETCTBUM C TUIIOM JIAHHBIX JTAHHON
KOJIOHKH

e column_type — obbekr Tuna ColumnTypes, onpezgensiommii Tu-
bl He ABJIAIONMecs craHgapTabivu (Hanpumep, Media — Tun
oTobpazkeHus BUIEO)

e sub_menu_ num — arpubyT /51 POAUTENHCKUX TAOJIUI], OIpe/ie-
JIIOIIUIA OMIUCH JJIsl IYHKTOB [IOJIMEHIO

e visible — arpubyT omnpemendmoOnNuii 0TOOPAXKATH KOJOHKY WJIH
CKPbIBAThH

st mopnepxkKu pa3bueHuss TabJUIBI HA HAOOP CTPAHWUIL CYIIECTBYET
obbekT Paging c arpubyrom page size onpezensiomumM, CKOJIbKO 3amuceit
OyeT 0TOOparKaThCsA HA CTPAHUIE TEKYIIeil TaOIUIIbI.

5. SAKJIIOYEHUE

Ha nanubiii MOMeHT pa3paboTaH TPOTOTHUI JAHHON CHCTEMBbI, MOIIEP-
JKUBAIOIMUANR PEKUMbI OTOODAXKEHUs, YIAJICHUS U PEJAKTUPOBAHUS JIAH-
Hbix. CiieyfonumMu OCHOBHBIMHE IIATAMU B CO3/IAHUU CUCTEMbL Oy1yT: JI0-
OaBjieHrE MOAAEPKKA Web BHUIKETOB jIsi CO3ianusa pacimmpsaemoro Web
noprasa [3] 1 7opaboTKa CHCTEMBI B COOTBETCTBHH C 3AITAHNPOBAHHBIMHE
BO3MOXKHOCTAMHU. TaK K€ HAYHETCS TECTUPOBAHUE CHUCTEMbI Ha CO3JIaHUH
peasbHBIX web IIpOeKTOB.
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Section I. METHODS OF MATHEMATICAL MODELING

Bernikovich E.S. On limiting behavior of maximum tree size in a
random unlabeled unrooted forest.

The limit distribution of the maximum tree size in a random unlabeled
unrooted forest in the central zone of parameters’ behavior is obtained.

Zaika Yu.V., Bormatova E.P. Determination of parameters of the
hydrogen permeability model.

The inverse problem of parametric identification in the nonlinear
model of hydrogen permeability is considered. A few algorithms for
estimation of the transport parameters (sorption, desorption and diffusion)are
presented for different sizes of experimental data .

Zaika Yu. V., Kostikova E.K. Modeling of TDS-degassing of a plate.

Degassing of a plate saturated with hydrogen is considered. The
experiment is based on the thermal desorption spectrometry (TDS)
method. The results of numerical modelling are presented. In the nonlinear
boundary-value problem the main limiting factors, such as diffusion and
desorption, are taken into account.

Ivanov A.P., Ostov Yu.Ya. Duality and algorithm of solving of a flight
dynamics problem.

The paper considers a problem of maximizing kinetic energy in the
end point of the trajectory of a flying object.

Ivashko E.E. Random-priority two-person full-information best-choice
game with disorder.

This paper deals with a full-information two-person best-choice game
with disorder where players have random priorities described by lottery.
The aim of the players is to choose the maximal observation of the random
sequence. Each player has a one-threshold strategy. Expected payoffs are
derived. The asymptotic and the particular solutions are also studied.
Numerical examples are given.

Chernov I.A. Variational approach to an inverse problem of dehydriding.
In the paper we consider the possibility of using classical methods of
variations calculus and optimal control to solve a coefficient inverse
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problem of dehydriding which is a system of ordinary differential equations
(conservation laws).

Shchiptsova A.V. Location game on the plain.

We examine Hotelling’s duopoly model on the plane. There are two
firms located inside a circle. The first problem is to find the equilibrium
prices with fixed firm’s location, and the second problem is to find
the equilibrium allocation of the firms inside the circle. The firms aim
at maximal gain. In case of symmetrical location the optimal prices
are derived. The equilibrium for allocation is also derived. Numerical
calculation is given.

Section II. COMPUTER SCIENCE

Aksenova E.A. Optimal control of a two-priority queue in single-level
memory.

The paper presents a problem of controlling a two-priority queue, that
consists of two FIFO-queues. Three methods of data storing are analysed.

Kositsyn D.P., Pechnikov A.A.; Shabaev A.I. Experience of applying
the generalized approach to development of manufacturing control soft-
ware.

The paper describes the uniform formalized approach to development
of manufacturing control software of certain class. Application of the
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