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BBIIEJIEHUE TAPMOHUK N3 CMECU
'APMOHNYECKUX CUT'HAJIOB

Hanuenko B.U. (Poccus)
Bragmvupcknii rocy1apcTBEHHBIN YHUBEPCUTET
nvmern A.I'. u H.I'. CroneroBsix

vdanch2012Q@yandex.ru

ITocTranoBKa 3aga4dn.

Brigenenre rapMOHUK 3aaHHOTO IMOPSIKA M3 BEIIECTBEHHBIX TPUTO-
HOMETPHYIECKUX TIOJTMHOMOB (CUTHAJIOB) — OJIHA U3 BayKHBIX 3aJ1a9 TAPMO-
HIIecKoro ananmsa. OHa MMeeT MHOXKECTBO IPHJIOXKEHHUi B (hU3nKe, pa-
JIMOTEXHUKE, 9JIEKTPOTEXHUKE B MPOoIeccax (GUIbTPAINE TapMOHUIECKUX
CUI'HAJIOB pa3HOW npupojibl. Pazpaborano Hemasao MeTojoB (B OCHOBHOM
IpUOJIMYKEHHBIX ) PeIlieHust 9Toi 3aaqn. Hanbosiee M3BECTHBIME STBJISIOT-
¢ creKkTpajbHble MeTonbl Pypbe-ipeodpa30oBaHUil W APyrue IOH00HbIE
METO/IbI, OCHOBAHHBIE HA PE30HAHCHOM ITPUHITATIE.

B nacrosieit pabore Jijisi BbljIeJIeHUsI TAPMOHUK ITpeJjlaraeTcsi HOBbI
METO/1, aMILTUTY/IHO-(Pa30BbIX OlepaTopoB. Takue orepaTopsl Impeodpasy-
IOT TPUTOHOMETPUIECKHEe MHOTOUJIEHbI (CUTHAJIBI) B N0J0OHbIE UM, COBED-
mas JBe IIPOCTeiInne omepannn — JOMHOYKEHIE Ha BEIeCTBEHHYI0 KOH-
CTAHTY W CIBHUT 10 daze. [apMOHUKaA BBIIEISIETCS ITPOCTHIM HAJIOXKEHIEM
(cIoxKeHMeM ) KOHETHOTO YUCIa MOJ0OHBIX MHOTOWIeHOB. MeTo HaioxKe-
HUs TTO3BOJIMJI TIOJIYYNTh TOYHBIE aHAJUTHIECKHE (DOPMYIIbI 1T BBIUHIC-
JIEHHSI TaPMOHUK 3aJaHHOTO IOPSIKA.

[IycTh nMeeTcs TPUTOHOMETPUIECKHIT MHOTOUIEH

T.(x) = ZTk(l'), Tr(x) = ay cos kx+by sin kz, ap, by € R, neN
k=1

(st yo6eTBa MBI PACCMATPUBAEM MHOTOUJIEHBI 6€3 CBOOOIHOIO UJIEHA).
Awvmmmryao-azosbim onepatopoM (ADO) mopsiika < n 9TONO MHOTO-
yjIeHa OyJieM Ha3bIBaTh Ipeobpa3oBaHUE BHIA

Hpp(Th, { X5} AN 1) = zn:Xj Ta(x—2%),  X; A eR (1)

(mopsiok AD@O paBeH 4uc/ly pasaUYHBIX cjaraeMbix (1), B KOTOPbIX
exp(i\;) nonapuo pazynuynel, a X; # 0 ). Hamra ocnoBHas
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3aga4a. [lodoopom amnaumyd X; u nawarbnvlx Gas N; noAywumb
2aPMOHUKY € 3a0aGHHBIM HOMeEpOom (L= 1,n & sude:

Tu(2) = Ho(To, { X5}, {N}; 2)- (2)

Omnpepnenenne. Pemenue X;, \; OyaeM Ha3bIBaTb JIOIyCTUMBIM, €C-
qn Beimosmeno yejaosue (A): napamempu Xj, A; eewecmeenmv, u He
sasucam om T, .

Ormernm, uTo ecsin HekoTOpble X; = 0, mim He Bce exp(i);) HOIapHO
pazsmanbl, To TOpsiok ADPO (1) Oyzer, 09eBUIHO, CTPOTO MEHBIIE 7 .

Omnpepnesnenne. Pemenne X, \; OyleM Ha3bIBaTh PEryIAPHBIM, €CJIT
BoiostneHo yesosue (A'):  nopadox ADO 6 mouwnocmu pasen n, m.e.
ecau 6 (1) ece exp(id;) nonapro pasauwno, a X; # 0.

Bameuanue. OTMETHM, ITO OCHOBHAA TPYIAHOCTH 381841 (2) COCTOUT
B TOoM, 4T0 ADPO 10/KHO OLITH BEIIECTBEHHBIM M UMEThH MOPAIOK < 7.
HeitctBue BemecTeHHOro ADO nMeeT MpocToil (GU3NIECKUT CMBICT DUITh-
Tpanum: u3 cMecu 1, TapMOHMK BbIJIEJISIeTCS FapMOHUKA T, (r) HaJoXKe-
HEUEM I10JI00HBIX CUTHAJIOB, OTTHIAIOIINXCS JINIITb aMILINTYIaMI 1 Hada Ib-
HBIMH (Da3aMH.

CBeI[eHI/Ie K 3aJa4e NJUCKPETHbIX MOMEHTOB

KpaTko octanoBuMcs Ha OCHOBHBIX pe3ysbTaTax padoTbl. Hectoxxno
oKa3aTh, 9TO 3ajada (2) paBHOCUIbHA HEIOJIHON crcTeMe JTUCKPETHBIX

MOMEHTOB C HEU3BEeCTHbIMU Y := X,z; U z; 1= e~
( Vi+Ys+...4+Y, = o

Vit 4 Ygzg_.i .+ e - - O’M L Y =Xz, zji=eT
| Vit + Bzg;i '+ D - - an

npu yeiaosun (A), KOTOpoe MOYXKHO 3amucaTh B JIpyroil dpopme:

(A): o, =0 npu k # p u o, =1, z; =™, 6ce Ny u X
sewecmeennv, ( Hexomopoie Xy Mo2ym 6vimv HYACEHLMU ) .

[Ipu perennn 3a7a4 (2) u (3) OCHOBHYIO POJIb UTPAET BCIOMOTATE b

HBI BEIeCTBEHHBIN ITapaMeTp

CUZ:X1+X2+...—|—Xn, (4)
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OI60POM KOTOPOTO U YIAOBJIeTBOpsiercs ycyosue (A) .
Hawnbostee mmostabIe pe3yabTaThl MOy YEHbl TTPU JOIMOJTHUTEILHOM YCJIO-
BUU:

n=su—1, seN. (5)

OmmrieM KpaTKo OCHOBHYIO HJIEIO perienns 3a1a4 (2) u (3) mpu 9ToM yeiio-
sun. Cucrema (3) monosasiercs nobasienneM ypasHenus (4) u ypasuenuit,
KOMIUIEKCHO CONPSZKeHHBIX ¢ ypaBHeHusamu (3). [lomywaerca nomnas cn-
cTeMa MOMEHTOB paBHOCHJIbHas cucteMe (3) mpu yeaosuu (A) .

[l perrieHusi TIOJIHBIX CHCTEM OOBIYHO TPUMEHSIETCST KJIACCHIeCKUi
meron [Tporn (1|, mpuaem misg ero abdekTuBHOCTH TPEOYETCS TOMOJTHI-
TesibHO yeioBue peryisproctu (A'). Omnako npu p > 2 u yemosun (5)
BCce perrenns 3a7a49 (2) u (3) He SABIAIOTCS PEryIgpHBIME, YTO IIPUBO-
JUT K HEBO3MOXKHOCTHU TIpuMeHeHust MeToja [Iponu. g takux ciaydaes
pa3paboTaHbl METO/IbI PErYJIsIPU3AIMI 38191 MOMEHTOB OIPe I IeHHBIMU
BapUAIMSIME [PABBIX YacTeil. DTO MO3BOJIUIO MPEJIETbHBIME TEPEX0IaMU
M3 pEIeHuii PeryIspU30BaHHBIX CUCTEM IOy IUTh HY?KHBIE DEITeHUS.

[IpuBeseM OCHOBHOI pe3yJIbTaT, IOJYyYEHHBIH METOIOM DPEeryJisipu3a-
mn. [lokazamo, uto mig paspemumoctr 3agad (2) u (3) mocrarodHo,
9TOOBI TTapaMeTp w SABJIsJICA KopHeM MHorodnena Yebommesa Uy (w/2)
BTOpOro poja. CrpasenBa

Teopema 1. ITyemv n=spu—1 (s> 2, p>2) u W — Kopenv Ypas-
nenua Us (w/2) = 0. Toeda cucmema (3) ¢ uckatouennvim nocaeonum
YPABHEHUEM UMEEM, JONYCMUMOE PEUEHUE, NPUHEM YUCAO T OMAULHDIT
om nyas Xp paero n — (p — 1) . Pasauunvie xopru 25, k= 1,m, npu
W= —2C0S P, COCMABAAIOM MHONHCECTNEO

(2} = { N/ (CD)op \ {Verwa, Vo), go=— a=Ts. (6)

X, = Zkz};_l, e = 2 E=1m
ede
Zj;ék; G 2k —
[z —2) Tl —2)
a coomeememeyrowuti ADO umeem nopadox m =n— (u—1) u pewaem
sadawy (2) na mmozousenax nopadka n — 1.

Zy =~

8
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B caygae p = 1 yciooBue w3 TeopeMbl Ha W SABJSETCS U HEOOXO-
JIMBIM, YTO IIO3BOJIMJIO HAWTH 6ce pery/spuble perrennsg X; = X;(w),
A;j = Aj(w). IIpuBesem cOOTBETCTBYIOMHMIT PE3YIIBTAT, IIOJIYIEHHDI COB-
mectHO ¢ .I'. BacuibaeHKOBOIi.

Teopema 2. Ilpu n > 2 u pu =1 0daa peeyaraproti paspewsumocmu
(2) meobzodumo u docmamoyuno, wmobv, napamemp w OvLL KOPHEM Ypas-
nenua Uy (w/2) = 0. ITpu omom pewenue z, (k = 1,n) cucmemvr (3)
cocmasanem mmoocecmso (6) u

sgn(sin(n + 1)p,) 22 — 2z, cos @, + 1

X, —
g n+ 2 Z]::H—S ’

a, a=1n+1.

Bo Bcex cirygassx mMeeT MeCTO HeeIMHCTBEeHHOCH PelleHMi: P YCJI0-
Buu (5) CymiecTByer He MeHee § Pa3IMYHBIX PelleHuil.

OrmeruM erie, 9TO JijIs HafiJIEHHBIX PEeIleHui paBeHCTBO (2) BBIOJI-
HSETCA He TOJIBKO Ha MHOIOYJICHAX, HO U Ha JOCTATOYHO HIMPOKOM KJIac-
Ce CXOIANMXCA TPUTOHOMETPUYCCKHUX pAIoB. Hampumep, B cilydae BbI-
JIeJIEHUS TI€PBOii TapMOHUKKM PABEHCTBO (2) BBINOJHSIETCS HA TPUTOHO-
METPHYECKIX PAJAX, B KOTOPLIX OTCYTCTBYIOT apMOHHMKH C HOMEpaMu

+1+(n+2)k, (n+2)k, keN.
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BbIYUCJIUTEJIbHBIE MOJEJIN KPYITHOMACIITABHBIX
ABAPUN. IIPOBJIEMEI U [TEPCIIEKTUBHI.

Axym C.E. (Poccns)
OI'BYH UucturyTt npobdiem mexanuku uMm. A.FO.Uninackoro
Poccniickoit akagemunn nayk (UIIMex PAH)
yakush@ipmnet.ru

CoBpeMeHHBIE TPOMBIIILIEHHBIE 1 YHEPreTuIecKrne 00beKThl XapaKTe-
PU3YIOTCA BBICOKOII KOHIIEHTpPAIIME BeIecTB U MaTepPUaJIOB, YTeUKa, N
aBapUiHbBIN BBIOPOC KOTOPBIX IIPEJICTAB/ISET 3HAYUTEIbHYIO OITaCHOCT.
Bribpoc xumMudeckn ak TUBHBIX I BBICOKOTEMIIEPATYPHBIX BEIECTB U Ma~
TepuaJsioB COIPOBOXKJIAETCsSI BbIJeJIeHnEeM 3HaYuTeIbHOI sHeprun. Kpyir-
Hble aBapuH, KaK IIPABUJIO, XapaKTEPU3YIOTCA COUYETAHHEM HECKOJIbBKUX
opazkaronmx (GakTopoB, B3AUMHO YCHJINBAIONUX yiiepd oT aBapun (Tu-
OesIb JIFo/Iell, YHUYTOXKEHNE UMYIIECTBa, 3arpa3HeHre OKPY2Kalolleil cpe-
Jbl). VIMeroTest JIIib e IMHIYHBIE SKCIIEPUMEHTHI 110 KPYITHOMACIITaOHbIM
mmoKapaM U B3PbIBaM, B PEIKUX CJIYYadgX OCYIIECTBJISIICS JIeTaJIbHBIN MO-
HATOPUHI Pa3BUTHA aBapuu. [1o3ToMy aKTyaJbHBIM sSIBISETCS U3YUeHHe
IIPOTEKAIOIINX ITPU aBapUU IIPOIECCOB C IMPUMEHEHNEM COBPEMEHHBIX BbI-
YUCJIUTEIbHBIX METOJI0B U CPEJICTB.

B nmoknage paccMoTpeHbl (bu3mUeCKHe dABJIEHUsI, XapaKTepPHBIE s
KPYITHOMACIITAOHBIX aBapUU IIPU BEIOPOCE B aTMOChepy ra30B U CxKUKEH-
HBIX YTJIEBOIOPO/IHBIX TOILJINB: BCKUIIAHUE IIEPErPeTOil YKUJIKOCTH, PACIITH-
peHne JAByX(da3HOro MapoKuJIKOCTHOIO 0bJIaKa ¢ 0Opa30BaHUEM YIapHBIX
BOJIH, 3aKUraHue U NOPeHHe TOILIMBOBO3IYIIHON CMecu B peXKuMe OI'HEeH-
Horo mapa.MerogaMu 9HCIEHHOTO MOJIEINPOBAHUs IOJIYyUYeHbl XapaKTe-
PUCTUKU (PU3UIECKOTO B3PHIBA TPU BCKUMAHUU (M30BITOTHOE JTaBJICHUE
B yjapHoii BoJiHe, 3 dekTrBHAs HEprus B3pbiBa). Ha ocHoBe Mojesneit
RANSu LESomnpenenesbl XapaKTepUCTUKHA OTHEHHBIX IIAPOB IIPU BEPTH-
KaJIbHBIX BBIOPOCAX TOILIMBA ¥ IIOJHOM Pa3pyIIeHUuu pe3epByapa (Bpemsi
BBITOpaHUsI, U3JIyUeHre, 30HbI opaykenus ). [lokazana BO3MOXKHOCTH BO3-
HUKHOBEHUS JIOIIOJTHUTEILHBIX TOPaXKaouX (PaKTOPOB 38 CUYET I'UIPOIU-
HAMHUYECKOT'O BO3/IEHCTBHS BCILIBIBAIOIIEI0 KPYITHOMACIITAOHOIO OTHEHHO-
ro mapa. Pe3ybrarsl 4uC/JIeHHBIX PACIeTOB COIPOBOXK IAIOTCsI CpaBHEHIEM
C DKCIEPUMEHTAMU U PeaJIbHBIMUA aBapUSIMHU.

CdopMmynpoBaHbl aKTyaJIbHbIE HAYIHBIE TPOOIEMbI U3y Y€HUST 0TI b=
HBIX SIBJEHUI M WX B3aUMOJEHCTBHS NPU KPYITHOMACIITAOHBIX aBapu-
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SIX, pelreHre KOTOPLIX TpeOyeT MpUMeHEHUsS MOITHBIX BBITUCIUTETbHBIX
cpencts (cynepdBM). IlpumennTeibHO K aBapusiM ¢ BBIOPOCAME yTJIEBO-
JIOPOJIHBIX TOTJIUB K HUM OTHOCHATCS pacydeT CMeINIeHUsl IPU PE3KOM BbI-
O6poce roprovero B armocdepy, MOJICIUPOBAHNE 3aXKUTAHUA TOIJIMBOBO3-
JIYIITHON CMeCH B YCJIOBUAX CUJIHLHO HEpaBHOBECHOH TypOYJI€HTHOCTH, pac-
IIpoCTpaHeHre TypOyJEHTHOIO IIJIAMEHH 10 HEOTHOPOIHOMY TOILJIMBOBO3-
JIYIITHOMY 00JIaKy, YCKOpeHUe TIJIaAMEeHN Ha MPENdaTCTBUAX U 0Opa3oBaHUe
BOJIH JaBJICHUs B YCJIOBUAX peasibHOI aBapuu. lertayibHoe MojemmpoBa-
HUe C ucrojib3oBaHueM cyrnep 9BM mo3BosisieT 10CTHYbL HOBOTO YPOBHS
MOHUMAaHUA TPOTEKAIONINX IMPU aBapUsIX IIPOIECCOB, HEOOXOIUMOIO st
CHU2KEHUST WHIYCTPUAJIHHBIX PUCKOB W TOBBIMIEHNA OE30MaCHOCTUH B Iie-
JIOM.

14
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A SURVEY ON MAINTENANCE, REPLACEMENT, AND
CHAINS OF MACHINES IN MANAGEMENT

Belyakov A.O. (Russia)
Lomonosov Moscow State University
National Research Nuclear University “MEPhI”
a_ belyakov@inboz.ru

Stefan Behringer (Germany)
Universitat Duisburg-Essen
stefan.behringerQuni-due. de

Studies of machine replacement and maintenance, that are
fundamental problems in engineering and operations research go back
into the history of economics and accounting to at least Hotelling (1925).
Related problems occur in forest management such as in Néslund (1969),
see Clark (1976). The characteristic feature of these problems is that
replaced equipment has an endogenous age.

An early major work dealing with machine replacement problems
appeared in 1949 as a MAPI (Machinery and Applied Products Institute)
study by Terborgh (1949). The main focus of this study were those
problems where the optimization was carried out only with respect to
the replacement lives of the machines under consideration. Boiteux (1955)
and Massé (1962) extended the single machine replacement problem to
include the optimal timing of a partial replacement of the machine before
its final retirement.

Néslund (1966) was the first to solve a generalized version of the
Boiteux problem employing the Maximum Principle. He considered
optimal preventive maintenance applied continuously over the entire
period instead of a single optimal partial replacement before the machine
is retired. Thompson (1968) produces a modification of Néslund’s
model. Arora & Lele (1970) extend Thompson’s model (his deterioration
function). These early models are summarized in Bensoussan et. al. (1974).

1. Simple Maintenance and Replacement Models

Thompson (1968) assumes a single machine whose resale value
gradually declines. This state variable hence declines over time as it
is affected by an obsolescence factor and the amount of preventive
maintenance which can slow down its decline. The control problem consists
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of simultaneously determining the optimal rate of preventive maintenance
and the sale date of the machine. The problem can be solved using the
Maximum Principle as summarized in Sethi & Thompson (2000, Ch.9).
Hartl (1983) also allows for the running speed of the machine as a
control variable and Feichtinger & Hartl (1981) for non-linear relationships
between state and control variables.

2. Maintenance and Replacement for a Machine
Subject to Failure

In economics the most well know contribution to this literature is
probably Kamien & Schwartz (1971) who look at preventive measures of
maintenance to influence a stochastic failure of a machine and determine
its optimal sale age. It is assumed that the production rate of the machine
is independent of its age, while its probability of failure increases with its
age and that the control is bounded.

Consistent with this assumption, the purpose of preventive
maintenance in the Kamien-Schwartz model is to influence the failure rate
of the machine rather than arrest the deterioration in the resale value as
before. A similar construction of the failure rate is used in Sethi (1979)
leading to a state-separable differential game (see Dockner et. al. (1985)).

Furthermore the model of Kamien & Schwartz (1971) allows for sale
of the machine at any time, provided it has not failed before, and for its
disposal as junk if it has done so. The optimal control problem therefore is
to find an optimal maintenance policy for the period of ownership, and an
optimal sale date at which the machine should be sold provided. Related
models are Sarma & Alam (1975), and Gaimon & Thompson (1989). The
KS model is applied to limit pricing in Kamien & Schwartz (1971b) where
a seller’s pricing policy will affect the probability of entry of competitors
modelled by a hazard rate that is non-decreasing in the product price.

Whereas this model can be considered to treat a stochastic failure
(e.g. Feichtinger & Hartl, (1986, p. 311) who also provide a slightly more
elegant version of the model in §10.1), Bensoussan & Sethi (2007) clarify
that it is solved as a deterministic optimal control problem that yields
a deterministic optimal maintenance and sale date. On the other hand
the authors study two truly stochastic versions of the model with known
modes and derive the deterministic Kamien & Schwartz (1971) solutions
showing the robustness of the original results.

As in Feichtinger & Hartl (1986, p.51), the finite horizon models
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of Néslund (1966), Thompson (1968), Kamien & Schwartz (1971) and
Sethi (1973a), have functional forms for the objective function that seems
palpable, but for which the standard (Pontryagin) transversality condition
for the optimal endpoint no longer holds without additional assumptions.

3. Chain of Machines

An interesting extension of the maintenance and replacement problem
above deals with a chain of machines, going back to Preinreich (1940).
By this we mean that a machine that is disposed of will immediately be
replaced by a new one to keep production going.

Following Sethi & Thompson (2000, Sect. 9.3): Given the time periods
0,1,2,...,,T'—1, this first machine is purchased at the beginning of period
zero. Then one finds an optimal number of machines, say [, and optimal
times 0 < t1 < tg9,...tj_1 < t; < T of their replacements such that
the existing machine will be replaced by a new machine at time ¢;,
j = 1,2,...1. At the end of the horizon defined by the beginning of
period T', the last machine purchased will be salvaged. Also the optimal
maintenance policy for each of the machines in the chain must be found.

The idea of modelling discrete chains of machines brings with it
an important control technical challenge: The standard finite horizon
objective functional of a profit stream for one firm with a single machine
as in the simple models above implies an optimal point in time for sale.
This point in time will no longer be optimal if a chain of machines is
considered. As often the case in practice, once a machine is sold, a new
one is purchased which leads to new yields so that considering only one
machine in the model will usually yield a point in time for sale that is too
late for the case where a chain of machines is investigated (see Feichtinger
& Hartl (1986, §2,8). The overall question remains the same however:
What is the best maintenance policy and what is the optimal lifetime
(replacement time), but now for each machine.

Two approaches to this problem have been developed in the literature.
The first attempts to solve for an infinite horizon (T = oo) with a
simplifying assumption of identical machine lives, i.e., t; —t;_1 = t;41 —1;
for all j > 1,see Sethi (1973a). In this case [ = oo as well. The second
relaxes the assumption of identical machine lives, but then, it can only
solve a finite horizon problem involving a finite chain of machines, i.e., [
is finite; see Sethi & Morton (1972).

Two further recent categories into which the replacement problem with
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chains of machines may fall are: a) serial replacement of a single machine
(Yatsenko & Hritonenko (2008)) or b) parallel replacement of several
economically dependent machines (e.g. Hartmann, (2000) and Yatsenko
& Hritonenko (2008)).

If technological change is allowed for then option a) with a single
machine is mostly chosen (see Sethi & Chand, (1979), Bylka, et. al. (1992),
or Regnier et. al. (2004)) mostly in discrete time. A paper that tackles
option b) with technological change (i.e. allowing for improved efficiency,
reduced maintenance costs and possibly the cost of newer machines that
replace older ones) are Hritonenko & Yatsenko, (2005, 2010), where for
reasons of complexity time is continuous. The connections between discrete
and continuous time for these models are investigated rigorously (letting
the period length go to zero) in Yatsenko & Hritonenko (2010) who note
that continuous time models are structurally very close to the «vintage
capital models» in economics.

There is also work that aims to extend the Kamien & Schwartz (1971)
framework to include chains/replacement of machines. Dogramaci and
Fraiman (2004) have considered the chain of replacements problem with
the KS model as basis, restricting replacements to take place only at a set
of discrete time instants decided upon a priori. This leads to intervals of
no activity because the machines will almost certainly fail at times other
than the given discrete replacement opportunity times. Dogramaci (2005)
has formulated a chain of replacement and hibernation intervals to be
considered in an optimal solution.
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Control of atomic and molecular scale quantum systems attracts high
interest of researchers. This interest is motivated by important existing
and prospective applications and by interesting mathematical problems.
Applications of quantum control range from laser control of chemical
reactions and quantum technologies to quantum computation and
quantum information. In this lecture we will discuss some mathematical
problems which appear in the analysis of control of quantum systems.

To formulate a typical quantum control problem, first we need to define
a mathematical notion of quantum state. State of a quantum system
in the most general case can be described by density matrix. If the
quantum system has n energy levels then its density matrix p will be
an n X n complex Hermitian matrix which in addition is positive, p > 0,
and has unit trace, Trp = 1. If the quantum system evolves under the
action of control f(t), e.g., a shaped laser pulse, and interacts with some
environment, its density matrix will satisfy a master equation

% — —i[Hy + f()V, pe] + L(ps)

Here Hy, and V are the free and interaction Hamiltonians (n x n
Hermitian matrices) and dissipative superoperator L describes the
influence of the environment.

Let pr be the density matrix of the system at some final time 7" > 0.
A typical quantum control problem can be formulated as maximizing
an objective functional J(f). A specific example is average value of
an observable O (n x n Hermitian matrix) which is described by the
objective functional J(f) = Tr(prO). Control landscape is the graph of
the objective functional J. Traps are controls which are optimal only
locally but not globally—any small variation of a trapping control does not
perform the control goal better while globally the outcome can be far from
optimal. Traps could be important obstacles for preventing the search for
globally optimal controls and for this reason the analysis of traps attracts
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a high attention [1-5]. We will outline recent progress in the analysis of
traps for quantum systems including the discovery of second-order traps
for systems with n > 3 levels, trap-free behaviour of state preparation
and gate generation for qubits—two-level quantum systems which form a
basic building block for quantum computation, absence of traps for control
of tunnelling of a quantum particle through a potential barrier, and other
related topics.
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B pasaudHbiX 00/IACTAX HAYKHW, TEXHUKH M TEXHOJOTUI paccMaTpu-
BAIOTCS CHCTEMBI, N3YUeHne KOTOPBIX CBOJUTCH K MOJIEINPOBAHUIO TOTO-
KOB (MaTepuaIbHbBIX, (DHHAHCOBBIX, MH(POPMAIMOHHBIX) B IPOCTPAHCTBE 1
BPEMEHH MOTOKOBBIX cucTeM. Jjisi TaKMX cucTeM MOJICTMPOBAHUE SIBIISET-
CsT OBIIEHAY IHBIM METOJIOM HCCJ/IeIoBaHus. BaxKHON 0COGEHHOCTHIO TaKNX
CHCTEM $IBJISIETCA JyasIn3M [TOTOKa Ha MUKDPO- U MakpoyposHe. Ha MuKkpo-
YPOBHE MOTOK PACCMATPUBAETCsI KAK COBOKYITHOCTh B3aMMOJIEHCTBY IOIIX
ITOTOKOOOPAa3yIoNuxX 00bEKTOB, HA MAKPOYPOBHE MOTOK KaK €IUHBIN 00b-
eKT, 00JIa IAIOIIIIT HEKOTOPBIMU CBOHCTBAMU U ITOBEJICHUEM.

ABTOpPOM TpeIOKEH OCOOBIH THUII AUCKPETHBIX CTPYKTYD KBa3HKJIE-
tounsle cetu |1]. KBasukierodnsle ceTu He MMEIOT ABHO 3aaHHON CHT-
HATYDPBI, 1 0OECIEINBAIOT MOJICTMPOBAHIE TIOTOKOBBIX CHCTEM Ha MHKPO-
1 MAaKpOYPOBHE B pAMKAaX €JMHON MOJIEJIN. YKA3aHHBIN TIOIX0]] TO3BOJIsI-
er 00eCIeunTh Mepexo/l MKy MUKPO- U MaKpPOYPOBHSAMHU B Pa3IMIHBIX
IPEIMETHBIX MHTEPIPETAINX, U9TO SBJISIETCA BarXKHOI MPOOIIEMOil pa3Bu-
TUS TEXHUICCKNX CUCTEM [2].

KpasukeTounasi ceThb MPeICTaBIsAeT COOON IUCKPETHYIO CTPYKTYDPY
COCTOSAIIYIO U3 KJIETOK, UMEIOINX KakK 6a30Bbie mapaMeTpbl (B HanboJee
4aCTO PACCMATPUBAEMBIX ITPUMEpaxX KOODIMHATHI B IPOCTPAHCTBE), TaK M
mapaMeTpbl coCTOosTHNs KaeTKH. COCTOSHIE KIIETKN KaKIbIil TAKT MOJIE/Th-
HOTO BPEMEHH MOXKET IePeaBaThCsd COCEIHUM KIIETKAaM (COCEICTBO OIMpe-
JeJISIeTCsT YCJIOBUEM, 3aBUCSIMM OT 0a30BBIX HapaMeTpoB). MHOkKeCTBO
BCEX BO3MOKHBIX IIepe/Iad COCTOSTHIS KaK (bl TAKT MOJIEJILHOTO BPEMEHH
oOpa3yeT IMUPKYIANNIO B KBA3UKJIETOIHON ceTn [3].

ABTOPOM DPaCCMOTPEHBI BOIPOCHI MTPEJICTABICHUS TTOTOKOBBIX CHCTEM
KBAa3UKJICTOYHBIMI CETSIME, 8 WMEHHO MEPeXOJl OT TeOPETHKO-IPadOBBIX
MOJIeJIeli, KJIEeTOYHBIX aBTOMATOB M KOHEUHBIX aBTOMATOB K KBA3UKJIETOU-
HBIM ceTaM. OTIeIbHO PACCMATPUBAIOTCS TNHAMUYIECKNE aCIIeKThI KBA31-
KJIETOYHBIX cereil (rupKysismus) [3].

! Boimosineno npu nomepzkke rpaata PODU - rema Ne 15-08-06453A
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B mmpokoM BapuanTe Kazkjas KJIeTKa KBa3UKJIETOUHON ceTu obJaia-
eT CTPYKTYpOU, BKJIIOUaIeil 6a30Bble (Hen3MeHHbIE apaMeTphbl KJIETKN),
[epeMeHHbIe TapaMeTphl (KJIeTKH) U [apaMeTpbl COCTOSHUS (MUKPOOOH-
ekTa B KjeTKe). Ha ocHOBe 6a30BBIX IAPAMETPOB OIIPEJIEJIAeTCsl TIPeUKaT
COCeICTBAa U OCHOBHAs KjaccupUKalus KBa3UKIETOUYHBIX cereil. OmgHako
X HauboJiee PaCIPOCTPAHEHHBIM BAPUAHTOM SIBJISIOTCS KBA3UK/ICTOYHBIC
CeTH KOOPJIUHATHOTO THIIA.

Ha ocHoBe KBa3MKJIETOYHBIX CETEHl OCYLIECTB/ISETCA CTPYKTYPHO-
HapaMeTpUIECKil CHHTE3 MoJIesieil IOTOKOBBIX CUCTEM, IIPEIIOJIaraioIX
MOJTyYeHUe YHUCIEHHBIX XapaKTEePUCTUK MOTOKA (B PA3IMIHBIX MPEIMeT-
HBIX WHTEPIIPETAIHX ), TAKUX KaK BEJIMINHA, IJIOTHOCTH, MHTEHCUBHOCTH
1 1p. Kpome Toro, KBasukjaeTouHble CeTH MO3BOIAIOT 00eCIeUBAThL BU3Y-
aJIM3AIMI0 JIAHHBIX B BUJIe TPaUKOB, TEIIOBBIX KapT U T.I. [4].

Peanuzarmus kBazukierounsix cereit Ha 9BM don Heitmanosckoro tu-
a TpejroaraeT MONapHbiil mepebop (KaxKIblil ¢ KayKbIM) KJIETOK Ha
IpeJIMeT COCEJICTBA (BBIYUC/ICHUsI TPEJINKaTa COCEJICTBA) U BO3ZMOYKHOCTH
nepegadn cocrosguud. OTHe/IbHO PAacCMATPUBACTCH CBSI3b KBA3UKJIETOY-
HBLIX CeTeill ¢ KJIeTOYHBLIMM, KOHEUHBIMUA aBTOMATAMU, IOTOKAMU B CETSX
U JIPYTUMU JUCKPETHLIMU CTPYKTYPaMU.

B 11e/10M KBa3UKJIETOYHBIE CETH IIPEICTAB/IAIOT HHCTPYMEHTAPUIi MaTe-
MATHIECKOI'O U KOMIILIOTEPHOI'O MOJIEJINPOBAHNUS IIOTOKOBLIX CUCTEM B Pas-
JIMYHBIX [IPEIMETHBIX MHTEPIPETAlNAX Ha MUKPO- 1 MaKpoyposHe. Takzke
KBa3UKJIETOYHBIE CETU 00ECIIeUNBAIOT BO3MOXKHOCTD T€OMETPUIECKOIO MO-
JIETUPOBAHKSA ¥ BU3Ya M3aIMKA IOTOKOBBIX CHCTEM.

JIuteparypa

[1] Apucros A.O. Teopus xkBasukiaerounsix cereit M:MCuC, 2014,

[2] Anprmystep I TBopuecTBo Kak TodHasi Hayka. leopus pereHust
nzobperareabckux 3aga4. Ilerpozasoack:Ckanaunapusi, 2004.

[3] Apucros A.O. Iupkysisitiisi B KBA3UKJIETOUHBIX CETSIX U UX KJIACCH-
dukarus cratbs, [ opHBIN THOOPMAITMOHHO-aHAJTUTHIECKAHN OI0 116~

Terb, N¢ 9, 2013

[4] Apucros A.O. T'eomerputveckoe MOJEIUPOBAHME ¥ BU3YATHM3AINS
JNAHHBIX MOJIEIUPOBAHUS B KBA3UKJIETOYHBLIX CeTAX cTaTbd, Hayu-
Hasg Buzyasm3arus Neo, 2014

31



MeskryHapoaHast MIKoJIa MOJIOJBIX YIEHBIX
«MomempoBanne u ontuMmuszanust cJIoXKHbIX cucremMy MOCS 2016

SBAMETKIN

32



MeskryHapoaHast MIKoJIa MOJIOJBIX YIEHBIX
«MomempoBanne u ontuMmuszanust cJIoXKHbIX cucremMy MOCS 2016

SBAMETKIN

33



Mesk ryHapoaHast MKoJI1a MOJIOJBIX VIEHBIX
«MonemmnpoBarne n onruMmusarius cjaokHbix cucrems MOCS 2016

MOJEMPOBAHUE/JIOTUCTUYECKOI'O IIUKJIA B CPEJIE
ARCHIMATE

I'puropwseBa A. (Poccus)
Cankr-Ilerepoyprekuii [losmmrexandeckuit Y auBepcurer Ilerpa Bemnkoro
grigoreva_ spbQ@list.ru

B nocsteiame rogpl y MeHe IXKMEHTa KPYITHBIX KOMITAHUN CTPEMUATETHHO
pacTeT MHTepeC K IOBbIMIEHN0 3(MHEKTUBHOCTH OM3HECA 38 CUeT UCIIOJIb-
30BaHMA MH(MOPMAIMOHHBIX TEXHOJIOTH. B yacTHOCTH, 115 TOCTpOEHUSI
6oJiee 3PPEeKTUBHON MOjIe M OU3HECA MMUPOKO HCIOJb3YIOT apXUTEKTYP-
HbIe METOJIbI, JIOKa3aBIle CBOIO 3(PPEKTUBHOCTHL Ha YPOBHE MHMOPMAIIU-
OHHBIX CHCTeM HOpeanpusaTtnd. llpuMmenenne apXuTeKTypHBIX METOIOB Ha
YPOBHE OM3HEC-IIPOIECCOB IPUBEIO K IOABIEHHIO HOBOIO HAYIHOI'O Ha-
IPABJIEHUsT — APXUTEKTYPhI IIPEIIPUSITHA.

ApxurekTypa IpearpusTis B OOIIEM CIydae pacCMaTPUBAET IPEIIPH-
SITHE KaK CJIOYKHYIO CHCTEMY, COCTOAIILYIO U3 OM3HEC-YPOBHSI, YPOBHS JTaH-
HBIX /TPUJIOZKEHUH, U YPOBHS TEXHOJOTMIECKON MH(MPACTPYKTYPHI.

Ceronas, Ha deaepaJbHOM U IaCTHOM YPOBHSIX, Yallle BCEIO MCIIOJIb-
3YIOTCA CJIEAYIONNE IOAXOAbI K YIIPABICHUIO apXUTEKTYyPOH IIpeaiprs-
tus: ZachmanFramework [1], FederalEnterpriseArchitectureFamework [2],
Gartner|3], TOGAF[4].

[Ipu sTom B tocseanee Bpems merojosorus TOGAF nmpuobperaer Bce
OOJIBINTYI0 aKTYaJbHOCTH 3a CYET BXOJMAIIErO B €r0 COCTaB MeToaapaspa-
oorku apxutekTypbl ArchitectureDevelopmentMethod (ADM). Nwmenno
9TOT KOMIIOHEHT CJIy?KHT MHCTPYMEHTOM HEIPEPLIBHOTO YIIPABJIEHUAS ap-
XUTEKTYPHBIMU U3MEeHEHUsIMY (B T.9. MUTpallueil) B opranusanuax. Meros
ADM nomumo mpeBapuTe/ibHON (ha3bl BKIIOYAET B celsl CIe Y IONINiT 3a-
MKHYTBIN ITHKJI 13 (as:

[Ipu peanusanum mpoekTa IO apXUTEKTYPHBIM U3MEHEHHUSIM 110 CTaH-
mapty TOGAF u cronb3yercss MHTEPAKTUBHBIN METOJ MOJIEJIUPOBaHMUST
aApXUTEKTYPbI IPeIpusiThs Ha rpadudeckoM sa3bike ArchiMate [5]. Oc-
HOBHas IeJIb sI3bIKa B KoHTeKcTe Mmeroqosiornn TOGAF — npencrasie-
HII€ apXUTEKTYPHBIX Mojeseil. fI3bIK apXUTeKTypPHOI'O MOJIETHPOBAHUS
ArchiMate nomonuster TOGAF, obecrieunBast HeOOXOIUMBII HAOOP HOHS-
Tl 1 0bo3HaYeHNH. SI3BIK TO3BOISET CO3AaBaTh KaK OTIEJbHbBIE MOIEH,
B TOM 4ucje coorsercrByoriue npeacrasiennsm TOGAF, rak u mozmenn,
OObEIMHSIONTIE PA3IUIHbIE JIOMEHBI apXUTEKTYPHI [6].
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Ha pucynkax 1 m 2 mokasaHo rpadudeckoe IpejcTaBjieHne OH3HEC-
YPOBHsI, peann30BaHHOr0O Ha rpadudeckom sa3bike ArchiMate, B Paze B
«ApxurekTypa Ousnecar. Ha 9ToM 3Tare mponcxoguT onmncaHue opraHu-
3AI[IOHHON CTPYKTYPbI IPEIIPUSITALI, €I0 BHYTPEHHUX OU3HEC-IIPOIIECCOB.
[IponcxoanT BhISIBIEHNE «y3KHUX MECT», JUKBUIAIINIO KOTOPBIX Oy1eT obec-
MEYNBATD IlejIeBasd apXUTEKTypa.

IIpumep. B kavecTBe mpumMepa Ha pucyHKe 1 mmpejicTaB/IeH JOTUCTHIe-
CKUX IUKJI UCIIOJIHEHUS 3aKa3a JUCTPUObIOTOPCKON KOMITAHUM ITPOMBIIII-
JIEHHOT'O ceKTopa «business to business». Iloj jjoructnyeckum mukJioMm 0y-
JIEM TIOHUMATD ITOCJIE/I0BATEIbHOCTD TATIOB, HAYMHAS ¢ MOMEHTA, TIOCTYTI-
JIEHUS 3aITPOCa Ha MOCTABKY MPOJIYKIINA U 3aKAHINBas MOCTYILJIEHHEM Jie-
HEYKHBIX CPEJICTB 3a IMOCTaBJIEHHBIN TOBAP.

Ha pucynke 2 npejcraBiena MOJEb ee OPraHu3aIMOHHON CTPYKTYPHI.
B obecrieyennn mMocTaBOK MPOIYKITUU 3a/IfICTBOBAH OTJIET COMPOBOK/IE-
HUs TIPOJIAZK, BBITOJHSIIONINN POJIb TI0 PA3MEIIEHUIO 3aKa3a, 00eCIeYeHIIO
OecCIIPensITCTBEHHOTO UMIIOPTAa, KOOPUHAIINE TPAHCIIOPTUPOBKU. MoHUTO-
PUHT OILJIAT OCYIIECTBJIAET (PUHAHCOBBIN OT/IeJT, KOHTPOJIMPYIOIIHi COOJTIO-
JIeHre KPeJUTHBIX JTUMUTOB U rpaduka/cpoKoB miarexkeit. Takum obpa-

TIOTUCTHUECKWT LIMKA PABOTS C BKTHBHBIM 3aKA3UMKOM (HOMEHKABTYPHaA NPOAYKLNA) =3

epuecxoe = > p > C = Kowrpons >

s
(cuer, creywduKauus) +  3kaasEPR B ehnyckow  — wornyck —»  pocraexw > onnarbl cueros
NOATBEPXAEHSI JaKEIUMKOM rpysa npoAyKUMH
ourpas

Puc. 1: Jloructudeckuit muKJI

30M, s136IK ArchiMate Kak cpeIcTBO BU3yAJH3AIMI MOJIEJIEH IPOEKTOB 110
pa3pabOTKN apXUTEKTYPHBIX PEIIeHU 00J1a/1aeT IIPEeUMYIIeCTBaAMMU:

1) cepBUCHOIT OPUEHTUPOBAHHOCTH SI3BIKA,;

2) MOCJIONHOTO U CHCTEMHOIO CTPOEHMUS sI3bIKA — IIPEJICTABIISET B3I
Ha IPEIIPUATHE KaK Ha CUCTEMY Pa3JIUUHBIX CUCTEM, OOpPa3yIOIUX CJION
(YypOBHHU) TIpeJICTABICHUST TPEIIPUSITHS.

JIuteparypa

[1] John F. Sowa and John Zachman (1992) Extending and Formalizing
the Framework for Information Systems Architecture In: IBM
Systems Journal, Vol 31, no.3, pp. 590-616.
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2]

3]

4]

5]

6]

Toprosas KOMNAaHWUA g

lenepansHuin MeHeaKep %

Back office 2 Middle office 2 Front office 2

DUHAHCbI % MapkeTuHr % Regional
representation

HR % ConposoxgaeHue %
npoaax

Texuwecknii
otaen

Puc. 2: Opranusanmonsasi CTpyKTypa

Federal Enterprise Architecture Consolidated

Reference  Model.  Version 2.3.  October 2007. URL:
http://www.whitehouse.gov/omb/e-gov/fea (accessed: 10.04.2016)

Gartner Research  Process URL: http://www.gartner.com/
technology /research /methodologies /research _process.jsp (accessed:
10.06.2016)

Welcome to TOGAF Version 9.1 Enterprise Edition, The
Open Group. URL: http://www.opengroup.org/togaf/ (accessed:
10.06.2016)

A.  PyGemunk. MogenupoBaHue  apXUTEKTYPbl  [IPEIIIPHSI-
tust. O630p a3bika  ArchiMate [Dsekrponnbiit  pecype| —
KopmnoparuBnberit  Mmenemxment, 2015, - Pexxmum  jgocrtymna:
http://www.cfin.ru/itm/standards/ArchiMate.shtml ~ (mara  06-
pamenust 10.06.2016)

H. Jonkers, D. Quartel, H. Franke. ArchiMate for Integrated
Modelling Throughout the Architecture Development and
Implementation Cycle, Uporabnalnformatika, 2012
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[IOCTPOEHUE h-CYMM C BELIECTBEHHBLIMU
KOSOPUIIMEHTAMN JJIA YNCJIEHHOI'O
NHTEI'PUPOBAHUA 1 JTUNOOEPEHIIMPOBAHNS

Hurmarsanosa FO.M. (Poccus)
Birajiuvupcekuii rocy1apCTBEHHBIH yHUBEPCATET
uMm. A.I. u H.I'. CrosteroBbix
nigmatyanova@ulsu.ru

Mpb1 n3yvaem amnmpoKCHUMaTHUBHBIE CBOMCTBa h-CyMM, IIPEJICTaBJIAIO-
X coboit 0600IIeHe HAUITPOCTERIINX JTpobeit

n

Ro(2) = n(@Qu(2))) = > ——

= (2~ =)

Al POKCUMATUBHBIE CBOMCTBA KOTOPBIX UCCAeyIOTCcH, HaunHasd ¢ 1999 ro-
Ja. Takne cyMMBbI IMEIOT CJISTYIONIUil BU/I:

Ho(2) =) Aeh(Mez), (1)

rie h — pukcupoBaHHas aHAJIUTHYIECKas: B OKPECTHOCTH Hadasa QyHKI,
a aIllIPOKCUMAIINSI IIPOU3BOIUTCA 38 CUeT IOI00pa IIapaMeTpPoOB A .

Briepsbie Haumpocreiiiime JIpodbu UCIIOIB30BAUCH B KAYeCTBE allapa-
Ta, anmpokcuMaln B paborax B.U. landenko|l|. Droit 3amadeit B 1aab-
neitimem 3annmasucs M.A. Komapos|2|, E.H. Kongakosal3], A.B. ®psin-
nes [4], [1.B. Uynaes [5] u ap. B kauecrse npuioxenuit A.B. Opsuiesbim
u I1.B.YyHnaeBbiM ObLIn 1OJIyYeHBI (DOPMYJIbI YUCIEHHOTO auddepeHIu-
POBaHMS U MHTEIPUPOBAHUS MocpeacTBoM h — cymm. K HemocTaTky 9Tux
IPUJIOXKEHNT MOYKHO OTHECTH TO, 9TO B CJIydae BeleCTBEHHBIX (OYHKIIHIA
h(z) muddepenmupyiomue u wHTErpUpyIOmue h — CyMMbI ObLIA KOM-
ILJIEKCHBIMU.

B cBasu ¢ stum aBropy sanHoil paborbl B.M. /lanueHKO IocTaBmI
3aJ1a9y IOCTPOEHUsT BEMECTBEHHBIX Mu(dHEPEHITUPYIONNX U UHTErPUPY-
fomx h-cymMM, TO ecTh cymMM Buja (1) ¢ BemecTBeHHBIME Ay . ABTOPY
YJIAJIOCh PEIMUTD JaHHYIO 38181y METOJI0M MPOOHBIX (PYHKITN, KOTOPOMY
U TIOCBSINEHa JIAaHHAsT 3aMEeTKA.
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OcranoBuMCs TIOIPOOHEE Ha CIIydae YNCIeHHOro auddepeHInpoBaHnis
1-ro mopsijika. 3ajgada COCTOUT B TOM, UYTOOBI allllPOKCUMHUPOBATEH Jirudde-
peHImaIbHbI ortepaTop (zh(z))' moCpescTBOM BeIeCTBEHHBIX h — CyMM.
Sanuirem 310 HhopMaaIbHO

(zh(2)) =~ Z Ah(Agz). (2)
k=1

Bosbmem it mHadasia dernyio dyukmuio h(z). [Ipumennm n-kpaTHyio
nnrepnosdnuio Ilage, To ectb npupaBHseM KOI(POUIIMEHTHI B Pa3JioxKe-
Hun B psag Makiopena dyukiuu (zh(z)) K coorBeTcTBYOMUM KOO DU-
meaTaM b -cymmbr (1). Bugnm, aro s uaTepriossiiun TpebyeTcs: Bbi-
MIOJTHEHUE YCJIOBUS HA CTETIEHHBIE CyMMBbI:

Sorp1 =2k +1, tme Sp =N+ A+ 1R (3)

Tenieps, 3Has1 Soky1, TPEOYETCST BOCCTAHOBUTH IMAPAMETPBI A C YCJIO-
BHEM HUX BellecTBeHHOCTHU. IIpocThIM 10A00pPOM pEeHInTh 3Ty 3a/a4y He
IIpeICcTaB/IsIeTCcad BO3MOXKHBIM. IIpenaraercs cienyoommii nyTh. BBemem
B KavueCTBe BCIOMOTaTeIbHBIX IIapaMeTPOB CTEIeHHBIE CYMMBbBI C YETHBI-
Mu HOMepaMu Sop = Ak + A2k + ... + )\%k. Tpebyerca momobpaTb Soy
TakK, 9TOOBI BCE A, VJ/AOBJETBOPSAIN YCJOBUAM Sopr1 = 2k + 1 m Obuin
BeIleCTBEHHBIMH.

[TocTpoumM TIPOU3BOASIIUNE MHOIOYJIEH, CTEIeHHBIE CYMMbI KOPHEN KO-
TOpOTO paBHBI Sy (W3BecTHBIE Sopii W HemsBecTHbIe Sor ). Jljist sTOTO
BOCITOJIB3YEMCsl U3BECTHO# pekyppeHTHO# dopmysioii HeioToHa, KoTOpast
BOCCTAHABJINBAET CUMMETPHYIECKIe MHOI'OYJIEHBI OT KOPHEH depe3 uxX cTe-
IIEHHBIE CYMMBbI

01 = Sla Om = ( )

ITycTn
Po(A) = X" — o N o\ — 4 (1) "0,

SameTnM, 9T0 KOIPPUINEHTHI 0 3aBUCAT OT Sy , KAK OT HEU3BECT-
HBIX IIapaMeTPOB. 3a/iada CBOJIUTCS K TOMY, 9TO ObI I10100paTh apaMeTphbl
Sor Tak, 9TOOBI IPOU3BOASIINN MHOI'OYJIEH UMeJI BeIleCTBEHHbIE KOPHU.
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JList pelieHnst 3Toi 3a1a91 Mbl BRIOMPAaEM CIIeIHaIbHbII TPOOHBIN MHO-
rounen T,(\) = > 1_, txA* ¢ BemecTBenHBIME KOpHAMEU. MOXKHO, HAIIPH-
Mep, B34ATb TAKON MHOT'OYJIEH ¢ KOPHAMU

zlzl—sz, 2= (D k—-2),k=2,...,n.
k=2

Jlanee, Bappbupysd mapamerpbl Soi, J00MBaeMCS TOro, 4ToObI K03hdu-
nueHTbIMHEOTOWIeHOB 1, (A) m P,(\) ommvainch KaK MOXKHO MEHbIIIE.
OkasbIBaeTCsd, YTO MPHU MPABUJILHOM BbIOOpE IPOOGHOrO MHOTOUIEHA Ta-
KYIO IIPOTIEYPY MUHUMU3AIUK yIaeTCsd POBECTH METOIOM HAUMEHBINX
KBAa/IPATOB 1 IIOJIyIUTH TPOU3BOIAIINI MHOTOWIEH C BEIECTBEHHBIMI KOP-
HAMHU. DTa IPOIeypa mopobHo onucana B [6].

Takoit MeTo/| /st HedeTHBIX (YHKIHH HAIPMYyto He mpoxomut. O
HAKO peIlieHus 3a/a9i BCe Ke YJaeTCs MOJYIUTh CJIEILYIOMUM 0OPa30M.
Paccmorpum Benomorarensiyto gyukuuo hi(z) = h(z)/z, toe h(z) -
HevderHas GyHKIwA. [JockoapKy oHa deTHast, TO O IPEIBIIYIIEMY IMeeM

2 (2) =) ().

JTrobyto dyskimo h(z) MOXKHO IIPEJICTABATEL B BHJIE CYMMbI 9€THON U
HeueTHON byHKIMN h(z) = hi(z) + ha(2), tme hi(z) — gernas GyHKIMS,
ho(z) — medyernas dynxius. Hampumep, MOXKHO TOJIOKUTH

ha(2) = h(z) +2h(—z), ha(2) = h(z) —2h(—z)
Torna
(zh(2)) = hz) —2h(—z) + % [h()\kz)(l + k) — h(=Ap2)(1 — Ak)}

k=1

BBI/I,ILy TPYAOEMKOCTH OIIMCaHHOI'O BBIIIEC IIPOLECCa BO3HUKJIa 3aJava:
H€ BbIYUCJIAA KOpHeﬁ MHOI'OYJICHaA, BOCCTAHOBUTH CTCIICHHBIC CYMMBI C 9E€T-
HBIMM HOMEPaMH. OcHOBHBIM PE3YJIbTAaTOM ,H&HHOﬁ 3aMETKHN ABJIAdeTCA
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Teopema 1. Cnpasedausa caedyrowas pexyppenmman Gopmyia

1 2k+1—1
= _|_§ -1 o | =

% +1+52 ™~

T e & Y S

i=1
2k

— (St — —th—9). (1

+512+1( 1ln—2k+1 or). (1)

Pesysbrar (2) 6bu1 00001I€H Ha IPOU3BOJHBIE 2-TO ¥ 3-T'O HOPSIKOB.
Ha ocHoBe mpejio?KEHHOT'O BBIINIE METO/ia NMPOOHBIX (DYHKIUH aBTOPOM
OBLIN TIOJTyYeHbI (POPMYJIbI YUCIEHHOTO JinddepeHnnpoBaHusd 2-10 U 3-r0
OPSAIKOB. 10 ecTh, oTyYeHbl (POPMYJIbL:

(2°h(2))" = ) Mh(Mz),  (2Ph(2))" =) Mh(Ar2)

C BEIIEeCTBEHHBIMU h -CyMMaMI.

Metos nmpoObHBIX MHOIOYJIEHOB MCIIOJIHL30BaH HaAMHU TaKKeB (hOpMyJIax
YUCJAEHHOIO MHTEIPUPOBAHUS C IIOMOIIBIO BEIeCTBeHHBIX h-cymm. Ha-
IpuMep, B cjaydae YeTHBIX aHAJIUTHYeCKNX (DYHKIUN h HaiijgeH HaboOp
BEIECTBEHHBIX IIapaMeTPOB Ay , JJIsi KOTOPBIX

1 /0 )z~ 3 M),

i
k=1

JIuteparypa

[1] Hanuenko B.U., Hanuenko 1. f. O paBHOMEpHOM NpHUO/IMZKEHUH
JorapuMUIeCKUME TPOU3BOHBIME MHOTOUWIeHOB // Teopust pyHK-
Ui, ee MPUIOKEHUS U CMEXKHBLIE BOIPOCHL. MaTepuasbl MIKOJIbI-

KoHdepeHuu, mnocssmeHHoit 130-metuto co aua poxkiaenus J[.OD.
Eroposa. — Kazanb, 1999. — C. 74-77.

[2] Komapos M.A. Kpurepnit mawmmrydiero npubnzKeHUsT KOHCTAHT
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C. 209-215
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Hurmarsnosa FO.M. HoBble MeTObl ammmpoKCHMaIuy BerecTBeH-
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HbIE TIPOEKTHI KOOIIEPAITUH BY30B U TPEIIPUATHI MAITTHOCTPOCHUSI:
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VI3BLITOYHLIE [TAPHBIE IEPEBbLS B
'PAOOAHAJINTNYECKUX MOJAEJIAX PE'EHEPATHMBHDBIX
QJIEKTPOHHBIX CUCTEM

Caskun JI.B. (Poccus)
I[TAO «Pamnodusukas
solaris.rafo@gmail.com

Paznuanble THIBI PEKOHMUIYPUPYEMBIX BBIYUCIUTEIbHBIX CHCTEM
(PBC), peanmusyembix B GOJIBIIMHCTBE CJIydaeB Ha 6a3e TPOTpAMMUDY-
eMbIx Jjiorndeckux uHTerpajbbix cxem (IIJIVC) kmacca FPGA [1], mo-
BOJIbHO 9(P(DEKTUBHO ONMUCHIBAIOTCA IrpadoaHa uTHIecCKuMu MeTogamu |1,
2|. lannoe 0GCTOSITEIHCTBO CBSI3AHO, MPEXKJIE BCErO, C TeM, 9TO BCE W3-
BecTHble Tutbl PBC B 00m1eM ciydae mpejcTaB/IsgioT coOOi OJHOPOIHBIE
alrapaTHbIe apXUTEKTYPHI.

B kadecTBe OCHOBHOIO IOJXOJa B IOCTPOCHUU T'pacdoaHaIuTUIECKIX
mogeneit PBC wucciienyroress oprpadbl 6obImX pa3MepHOCTell BHIa
G =G(F,X), tne F — upejcrasiser coboil MHOXKECTBO (DYHKITHOHAb-
HBIX BEPIIUH, PeaJU3YIOIUX [OCPEJICTBOM KOH(MUIYPUPYEMBbIX JIOTHYe-
ckux 6J10k0B (KJIB) ITJIVC 6a30BbIe Jioruko-apudMeTHIecKue olepariu,
a X — MHOXKECTBO HaIlpaBJIEHHBIX JIYT MeXK, 1y pyHKIuoHaIbHbIMEI K.JIB-
seprmaaMu { f1, fo, f3,. .., fu} = F, ONHUCHIBAIOIINX TOIOJOTHIO HAIIPAB-
JIHHBIX cBsi3eil Mexk 1y Humu. Jlyru oprpacda G omnucbiBaroT TpedbyeMyio
KOH(MUTYPAIUIO €JIMHOIN0 PEKOH(MUTI'YPUPYEMOT'O BBIYHCIUTEILHOIO IOJIsI
(PBII) u 3amator Tem caMbiM alapaTHYIO apXUTEKTYDy ero (hyHKIHO-
HAJIbHBIX 1 KOHTPOJUPYIONUX (pparMeHTOB.

B pamkax cosepiencrBoBanusi pasziandHbix kKouienmuit PBC, nampn-
Mep, TAKUX KaK pereHepaTuBHbIe 3eKTpoHHble cucteMbl (PerDC) [2], Bos-
HUKaeT HEOOXOIUMOCTD pa3spadOTKH YHUPUIIMPOBAHHON METOIUKH OIACA-
nusi PBC, koropast Moryia 6bI OJHOBPEMEHHO YUUTHIBATH KakK IIPOIECCHI
PYHKIIMOHAJILHOIO B3aMMOJIECTBUs BblAeIeHHBIX (parmenToB PBII Ha
yposre KJIB, Tak u ux Tonosoruveckue (uiu KOHPUTYPAIMOHHBIE) CBOI-
crBa B coctaBe eaunoro PBII. B macrosiee Bpemst mpejictaBiasitorca BO3-
MOXKHBIMH JIBa IIYTU K PEIIEHNUIO JJAHHOIO BOIIPOCA.

OpuH U3 myTeit CBsI3aH ¢ IpuMeHeHneM rpadoaHaInTHIeCKIX MOJIe el
Per>C na ocHoBe koMOMHaTOPHBLIX JuarpaMm FOHra. JlaHHBIN TOIX0I 1103~
BOJISIET YUYUTHIBATH BCE BPEMEHHBIE 3aJIEPXKKHU, BO3HUKAIOIINE B IIPOIECCe
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IIPOXOXK IeHUs U(POBBIX cUrHa 0B yepe3 Habopbl KJIB, aTo, B cBOIO OUe-
peJib, MO3BOJIsIeT B 3HAYUTE/TLHON CTENEeHN OJIHO3HAYHO OIEHUTH PACCUH-
XPOHUBAIMIO UMPOBBIX MMOTOKOB B TOW MJIM WHOW TOUYKe obiero rpada
PBII G . Kpome Toro, ucronb3opanue aunarpamM FOHra B IpoeKTHpOBa-
unn pparmeaToB PBII Per9C mnosBosisier yamThiBaTh Tak:Ke 1 KOMOM-
HATOPHBIE OCOOEHHOCTH TPUJIETAIONTNX JIPYT K JIPYTY COCETHUX objacTeit
KJIBb-epmma. Bropoit myTh ocHOBaH Ha HEOOXOIUMOCTU KOJIMIECTBEHHOM
ONTUMUBAINN U30BITOUHBIX (PYHKIIMOHAJIBHBIX U KOHTPOJUPYIONINX BEp-
muH ¢pparmenToB PBII Per9C. Dddexkrusnoe perenne ganHoil mpobiie-
MBI OY€Hb BayKHO, MIPEXKJIE BCETO, C TOUYKN 3PEHUA ONTUMAJILHOIO pacipe-
JieJIeHUsI BBIIUCIUTEIbHBIX pecypcoB enaoro PBII Per9C. /s penrenus
JIAHHOT'O BOIIPOCA PACCMaTPUBAETCs] BO3MOXKHOCTD ITPUMEHeHUsI IrpadoaHa-
ymTrndecknx Mojeneii PerdC, npeacrapisonux coboil o0beInHeHne 13-
OBITOYHBIX TApHBIX jiepeBbeB D1 (Fy, X1)U Do(Fy, Xo)U. ..U Dg(Fy, Xy) .
[TocneiHmEe, B CBOIO OY€pE b, TTO3BOJSIOT OMUCHIBATH apXUTEKTYPhI BbIJIe-
snerHbIx pparmentoB PBII, orHOCATIXCA KaK K (DYHKITMOHAIHHBIM apXU-
rekTypam (mau cpegam) Per9C, Tak u K KOHTPOJUPYIOITIM.

B noxkmaje npejcraBieHbl TpUMepPhl UCIIOJIb30BaHNS IpadoaHa TUTHIe-
ckux Mojesieit Per9C ¢ u30bITOUHBIME IMapHBIME JlepeBbsamu. Ha ocHoBe
PACCMOTPEHHBIX ITPUMEPOB IIPEJIIoyKeHa 0000IIeHHAT METO/ KA ITPOEKTH-
posanusi Per9C, coueraromas B cebe IMOJIX0/IbI C UCIIOJIb30BaHIEM I'pado-
apayuTudeckux Mogeneit PBII ma mmarpammax FOnra m momeneit ¢ us-
OBITOYHBIME TTAPHBIME JepeBbsMu. Obmiee (cymMMmapHOe) 9uco 6A30BBIX
dpyHKIMOHAIBLHBIX BepIiuH ucxoHoro oprpada PBIT Per9C, peanunsye-
mbix mocpesictBoM KJIB (skcnepumenrtanbhas miardopma PBIT na 6a3e
[IJINC cemeiicta Virtex-7 dupmbr Xilinx), cocrapiser 3unauenne N =
3,4 wutH.

JIuteparypa

[1] Kansies N.A., Jlesun N.1U., Cemepuukor E.A., IImoitnos B.M. Pe-
KOH(UTYpUPYEMbIE MYJIbTUKOHBEHEpHbIE BLIMACIUTENbHBIE CTPYK-

typbl /W37, 2-e, nepepab. u mom. / [ox obmr. Pex. A, Kasnsesa. -
Pocros-na-ony: N3x-so FOHIL PAH, 2009. — 344 c.

[2] Caskun JI.B. I'pacdoanamuruueckoe MojeimpoBanne GOPTOBBIX Pe-
reHEPATUBHBIX 3JIEKTPOHHBIX CHCTEM KOCMUYIECKHUX arnmnaparos /| Ma-
tepuaJjibl XIII kondepenium MoI0abIX yaeHbIX «PyHIaMeHTaIbHbIE

47



MeskryHapoaHast MIKoJIa MOJIOJBIX YIEHBIX
«MonemmnpoBarne n onruMmusarius cjaokHbix cucrems MOCS 2016

U TPUKJIaJIHbIe KOCMUYeCcKue uccaenaoBaHudgy. lesmcbl.M.: V31-Bo

KW PAH, Mocksa, 2016. - c. 84.

48



MeskryHapoaHast MIKoJIa MOJIOJBIX YIEHBIX
«MomempoBanne u ontuMmuszanust cJIoXKHbIX cucremMy MOCS 2016

SBAMETKIN

49



MeskryHapoaHast MIKoJIa MOJIOJBIX YIEHBIX
«MomempoBanne u ontuMmuszanust cJIoXKHbIX cucremMy MOCS 2016

SBAMETKIN

50



Hay4anoe n3nanue

ME>KIYVHAPOJHAM IIKOJIA MOJIOABIX YUEHBIX
«MOJE/INPOBAHUE U OIITUMUN3ALIMA CJIOYXKHBIX CUCTEM>»

Annoranuu JIeKIUi U JTOKJII0B
Cys3naib

8 — 12 nrojiza 2016 1.

ITeuaTaercs B aBTOpCKOﬁ peaaKIun

ITonnucano B euats 29.06.2016
Kommnrwroreprast Bepcrka B. Manuxuna, A. Ilirarosa, E. Illenenosoii.

Tupaxk 50 3K3.

M.: MUAH, 2016.
http://agora.guru.ru/mocs2016, mccs@vlsu.ru



