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O pexypcuBHO-TIapa/LIeIbHOM aJrOPUTME
peleHnsd 3aJa491 0 PIOK3aKe

Bacuisuaukos B. B.

noayuwena 27 dexabpsa 2017

Awnnoranums. Ilpenaraercst 3¢ dekTUBHBIN apaJsiebHbIi aaroputM perneruns NP-mosiHO 3a1a-
91 O PIOK3aKe B ee MCXOJAHOM, Tak HasbiBaemoMm (-1 Bapuante. J[jisi HAXOXKJIEHUS €€ TOYHOTO PEIeHUs!
U3/aBHA IPUMEHSIOTCS aJTOPUTMBbI, OTHOCSIIMECS K Kareropuu "merooB Berseil u rpanuty". lns ycko-
peHusi TOJIyUIeHUsT Pe3yJIbTaTa C PA3HO CTelneHbio 3MMEKTUBHOCTH MPUMEHSIIOTCA TAKXKE PASINIHBIE
BapHAHTHI OPTraHU3AINN [TAPAJIIebHBIX BblYucaeHuil. MBI mpejiaraeM 371eCh AJITOPUTM PEIeHUsT 3a-
Ja4au, OCHOBAHHBIN Ha ITapaJurmMe peKypCUBHO-ITapaJlJIeJIbHbBIX BBIIUCJICHUI. OH npeacTaB/ideTCd HaM
XOPOIIIO IIPUTOIHBIM JJIsl 33189 TAKOI'O POJa, KOIa TPYIHO Cpa3y pa30UTh BBIYUCJIEHUS HA JOCTATOY-
HOE KOJIMYECTBO CPABHUMBIX IO TPYAOEMKOCTH ITO/[33/1a49, IMOCKOJIbKY OHA IPOSIBJISETCS TUHAMUIECKT
BO BpeMs BbIUucjaeHuil. B KagecTBE OCHOBHOTO MHCTPYMEHTA JjIs TPOTUPAMMHOI PeaIn3alui aJropuTMa
HCII0JIH30BaJIaCh pa3paborantas aBropom oubsmoreka RPM  ParLib, nozsossiomast coznasars addex-
TUBHBIE NTPUJIOKEHUsI JJIsi BblunucjaeHuii Ha jokanabHoit cetn B cpeme .NET Framework. Takuwe mpuio-
JKeHUsI 00JIa [at0T CIIOCOOHOCTBIO MOPOXKIATH MapaJsiieJIbHble BETBU BBIYNC/IEHUI HEIIOCPEJICTBEHHO BO
BpeMsl BBIIIOJTHEHUS IIPOIPAMMBI U JIMHAMUYECKH TIepPepacipeieisaTh paboTy MeKy BbIUUC/IATETHHBIMI
momyismu. [Ipun 9ToM B KadecTBe S3bIKa MPOTPAMMUPOBAHMS MOXKET HCIIOIH30BATHCH JIIOOOH S3BIK C
nomgaepxkkoit NET Framework. /Ij1s mpoBenennst SKCIEPUMEHTOB OBIIO HAIMMCAHO HECKOJIHKO TIPOTPAMM
Ha sa3bike C# ¢ UCIIOIb30BaHUEM YIIOMAHYTOM 6ubsmoreku. OCHOBHOI 1IEJIbIO ITUX YKCIIEPUMEHTOB OBLIO
HCCJIe0BaHUE YCKOPEHUSI, JIOCTUTAEMOT0 38 CUeT PEKYPCUBHO-ITaPAJLIEIbHON OPraHu3alliy BIYUCIEHUI.
ITogpobHOE onmcanne aJropuTMa U SKCIIEPUMEHTa, & TAaKKe MOJIYYeHHbIE PE3Y/IbTAThl TPUBOIATCS B Pa-
6ore.
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BBenenue

Bajaua 0 prOK3aKe sBJISETCsl OJHONW M3 KJIACCHYeCKUX 33Jiad JUCKPETHON ONMTHMU3a-
mn [1]. st Hee cyrmecTByeT HECKOJBKO Da3MIHBIX BAPUAHTOB MOCTAHOBKHU |2, 3| n
a’aropuT™MoB perierns [2—4|. B jgaHHOl cTaThe MBI paCCMAaTPUBAM TOJBLKO OJHY €€ pas-
HOBUJTHOCTH, a uMeHHO Kjaccudeckuit 0-1 Bapumant. B Takoit mocranoBke 3ajada OTHO-
curcs K Kareropun NP-1oHBIX 3324, I KOTOPBIX HE HAMJIEHO aJI'OPUTMOB TOYHOT'O
peIIeHns 3a TTOJMHOMHUAIBHOE OT pa3Mepa 3a1adn BpeMs [1]. OxHako mjis perenns psi-
Jla 387129 TAKOTO POJia C YCIIEXOM MPUMEHSIIOTCS aJTOPUTMBI, OTHOCSIIIIECST C KATETOPUN
"meronoB BerBeil u rpanui. Ves merona ObUIO MpeJioKeHa B 5| mpuMeHUTETHHO K
3aJiade IeJIOYUCEHHOIO JIMHEWHOIO NporpaMMupoBanus. /s 3ajaum o prok3ake aJi-
TOPUTM TAKOTO pOJia W TEJIbI Psijl ero Mopudukalnii Ob1 pa3paboTan U UCC/IEI0BAH
. Musunrepom [6,7]. st onernBanmus HEPCIEKTUBHOCTH BBIYUCJICHUIN Ha OYE€pETHOMN
BETBU, & 9TO OJUH U3 KJOYEBBIX MOMEHTOB TAKOTO POJia aJITOPUTMOB, OH UCIIO/Ib30BAJ
onenku, nosydentpie I. lanmurom B [§].

[To cBoeit pupojie MeTO | BeTBEl U I'PAHUI] BCE-TAKU SIBJISICTCS 11ePeOOPOM BapuaH-
TOB, XOTsl YIOMSIHYTBIE BBIIIE OTEHKN ePCIeKTUBHOCTH TPOJIOJIZKEHUS BBIUUCICHUN Ha
OY€epeJIHON BETBHU IMO3BOJIAIOT CYIIECTBEHHO YBEJMIUTH CKOPOCTH ITOJIYIeHUsT Pe3y/ibTa-
ta. OJIHAKO COBEPIIIEHHO €CTECTBEHHBIM BBITIA/INT JKeJTaHHe JOOUThCA YCKOPEHUs 38, CIET
MOCTPOEHUS MAPAJIETLHOTIO aJrOPUTMa pelleHns 3a/1aqu. Pasuble aBTOPhI MOCBAIIAIH
cBOM pabOThI MMOCTPOECHUIO MAPAJIIETBHBIX aJrOPUTMOB PEIIeHNs 3a/1a91l O PIOK3aKe, OC-
HOBAHHBIX HA CAMBIX PA3HBIX MAPaIUTIMaxX U UHCTPYMEHTaX MapaJlIe/IbHOTO TTPOrPAMMU-
pOBaHNUsI, B KQUeCTBE OJHOIO M3 MPUMepoB yromsiHeM paboty [9]. Ilpu sTom ocHOBHOM
Ipo0JIEMOI TIPU TIOCTPOEHUH TAKOTO POJa aJTOPUTMOB SABJSEeTCs pasdueHne IeIoil 3a-
Jlavd Ha [10/1331a91 CPABHUMOI TPYJIOEMKOCTHU U ODecrievdeHre JJOCTATOYHO PABHOMEDHOIT
3arpy3Ku BBIYUC/IUTEILHBIX MOITHOCTEN.

Metos1 BeTBeit 1 rpaHUI] TPAKTUIECKH BCET/Ia JOMTyCKAET ONMCAHNe B BHUJE PEKYPCHUH,
MIO9TOMY aBTOPY MOKA3aJI0Ch COBEPIIIEHHO €CTECTBEHHBIM NCIOJIB30BATh JIJIs paciapaJiie-
JIMBAHUS AJTOPUTMa KOHIENIHMIO PeKypcuBHO-Tiapasuiesbuoro (PIT) nporpamMvuposaus
1 COOTBETCTBYIOIINe 6ubmmoreku moaaepKku. B [10] u3i0:keHbl OCHOBHBIE IPUHITUIIBI OP-
raHU3aINN PEKYPCUBHO-IAPAJIICIbHBIX BBIUYUCICHUN U ONMMCAHBI OCHOBHBIE aJITOPUTMbBI 1
MEXaHU3MBbI TIO/JIEPKKHU 9TOrO CTHJIST IporpaMMupoBanus. bubanorekn [11,12] moszBois-
0T OTHOCUTEJIBHO JIETKO CO3/IaBaTh, OTJIAXKUBATH W IKCILTyaTnpoBaTh PlI-mpmimoxkenus
B cpesie .NET Framework. B [13| nogpo6uo onucanbl dbyHKIMOHAIBHBIE BOZMOXKHOCTH
YIOMSHYTBIX OUOJIMOTEK, a TaKKe IIPOoIece pazpadborku u uccienoBanus Pll-ajmropurma
pemmenust NP-nioyiHOl 3aj1a4m 0 KymKe. B KadecTBe Jpyroro mpuMepa HCIOJIb30BaHUSA
JIAHHOT'O CTHJIS [IPOrPAMMUPOBaHUS U YIMOMSHYTHIX GuOmoTeK mpuegem pabory [14],
B KOTOPO#l pa3paboTaH M MCCAETOBAH PEKYPCUBHO-TIAPAJIICTBHBIN aJIrOPUTM pelleHus
3aJ1a9M KOMMUBOsIZKEPa, TaKzKe OTHOCsIIelcss K Kareropun NP-1oTHbIX.

1. 3amada o proK3ake

Hanomuaum dbopmynuposky 3asaqn. [Ipu 37oM Mbl OyjieM B OCHOBHOM HPUIEPXKUBATHCS
0603HAYEHNIT, NCIIOIB30BAHHBIX B [6], OCKOIbKY MMEHHO OJIFH U3 AJITOPUTMOB, H3JI0KEH-
HBIX B JIAHHOW paboTe, MOJIOYKEH B OCHOBY HAIIEro MapaJljiebHOr0 aJropuTMa.
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CymiecTByeT HECKOJBKO ITOCTAHOBOK 33Ja4i O ploK3ake. Bce 5Tu mocTaHOBKU IIpeI-
[IOJIArafOT, ITO UMEETCsl HEKOTOPOEe KOJUYIECTBO IIPEIMETOB, IS KarKI0T0 U3 KOTOPBIX
3aJlaHa TeHHOCTh p; U pasMep ¢;. ProK3ak xapakTepu3yercsl MpeIeIbHON BMECTUMOCTBIO
c. Bce mepeunciieHHbIe BJTUIUHBI D;, C;, C ABJISTIOTCS TEIBIMUA TOJIOXKUTETLHBIMIA THCJTa-
mu. Hac Oyzer nnrepecoBaTh moctaHOBKa 3a/1adu B Tak Ha3biBaeMoM (-1 Bapuante. Ona
3a/12€TCsl CIASTYIONUM 00pa30M.

[Iycth y HAC MMeeTcd n IIPEJIMETOB C 3a/IaHHOI IEHHOCTHIO M pa3MepoM. Tpedyercs
MaKCUMU3UPOBATH BEJUYUHY EHHOCTU BBIOPAHHBIX MPEIMETOB Z?:l Pp;T; TIPA OrpaHu-
YEHHN Ha BMECTHMOCTD DPIOK3aKa y ., ¢;x; < ¢, Tje . 31ech ©; — OUHapHAs BeJIMYHIA,
paBHas 1, eciu MBI ITOJIOXKUJIU TIPeJMeT B prok3ak, u 0 B nmporuBHOM ciydae. /Ipyrue
BapraHThl (POPMYIUPOBKH 33241 O PIOK3aKe MbI 3/1eCh HE pacCMaTPUBAEM.

2. HOCJIeﬂOBaTeJIbeIfI AJITOPUTM pelmeHnunsd 3a1a49n

BKpaTue OIIMImeM OCHOBHBIE IIarvu aJ/JI'OpUTMa, IIPUBEICHHOI'O B [6], IIOCKOJIbBKY HMEHHO
OH SBJIAEeTCS 0a30BBIM JJId IIOCTPOCHUSA Halller'o IapaJljIeJIbHOI'O aJI'OpUTMa.

1. YoopsiiounBaeM peMeThl B HOpsijiKe HeyBeandeHus 3pdekTuBHOCTH €; = p; /w;,
TaK 4To €; > €; Ipu 1 < j.

2. Habupaem mpenmersl B prok3ak "kajHbiM 00paszoM, MOKa IO3BOJISET €r0 BMe-
cTUMOCTD. [lycTh TIepBbIil 9/1eMeHT, He TOMECTHBINIICA B PIOK3aK, MMeeT HOMep b,
HA30BeM ero npejeabHbIM. Ecim obo3naunTh depes Wy cymMmapHbI pa3mep mep-
BBIX k 3JIEMEHTOB W3 HAIIEr0 YIOPSIOYEHHOI'O MHOXKECTBa, UMEEM COOTHOIIEHUE
Wy_1 < ¢ < Wp. Takum obpazom MbI mocTponain 6a30Bbiil Habop w3 b — 1 mpes-
MeTOB cTouMocTu P,_1. EmMy cooTBeTcTByeT HabOOp 3HadeHuil x;, Takoi 4ro x; = 1
mal<i<b—1lumz;=0mmab<i<n.

3. [anbreiimas paboTa ajaropuTMa 3aKII09aETCS B MOMBITKAX YJIyUIINTL 0a30BOE pe-
menwe. 3mernenns pUKCUPYIOTCS B BHJIe TaK HA3LIBAEMOI'O CIUCKA MCKIIOYEHHI,
COJIEPZKAITIEI0 HOMEpa, JIEMEHTOB U3 MaccuBa {r;}, 3HaUEHUsI KOTOPBIX CJIEJLyeT
U3MEHUTHb Ha IIPOTHUBOIIOJIO?KHBIC.

JleficTBust 13 MOC/IEHETO IIYHKTA BBIIMOJHAIOTCS PEKYPCUBHO B COOTBETCTBUU C Me-
togosiorueit "BerBeit m rpanui". IIpum 5TOM MHOXKECTBO MOTEHIMAIBHBIX HCKIIOYUEHMIA
pacimpsieTcs B 06e ¢cTOpoHbI OT 3HadeHns b. OHO mpeacTaBisieT coOoil 1eble 3HATEHMS
13 TPOMEXKYTKa ¢ HUKHEl TpaHutieil s u Bepxueit rpanureit t. OCHOBHBIMU TTapaMeTPAME
PEKYPCUBHOM MPOIEY Pl ABIAIOTCA EHHOCTH IIOCTPOEHHOI'0 HAabopa, ero pasMep, S u t.
[Ipu nmepBoM BBIZOBE OHU 3ajatoTcsd 3HadeHusMu Py, Wy_1, b — 1 u b cooTBETCTBEHHO.

Ha ouepennom miare pekypcun, ecid pasmep IpeaMera ¢ HHIEKCOM ¢ IO3BOJISET ero
JI06aBUTH B IIOCTPOEHHBI HAOOD, PEKYPCUBHO BBIUHUC/ISETCS IIEHHOCTD PEIIeHNs IS 9TO-
ro BapvaHTa, ¢ BKJIIOYAETCH B CIIMCOK UCKJIOYCHUI W YBEJIUYIUBACTCA Ha euHuIly. Ecim
IpeJIMET ¢ UHJEKCOM { He IOMeIaeTcsd B ITOCTPOEHHBbIN HabOP, IbITaeMCd YIAJIUTb U3
Habopa IpeaMeT ¢ MHICKCOM S, IMPUMEHsIs JIJISI 9TOr0 COOTBETCTBYIONINN PEKYPCUBHbIM
BBI30B. BoJjiee MOHATHO 9TOT MPOIECC UTIOCTPUPYETCS IPUBEICHHOM HIZKe OJIOK-CXeMOii
3aKII0UNTEIbHON (a3bl PEKYPCUBHO-TIAPAJLIETIHFHOTO aJITOPUTMA, IIOCKOJIBKY OHa (hak-
THYECKHU TIOBTOPSET IIOCJIEI0BATEILHBINA AJITOPUTM.
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OTMeruM, 9TO BasKHEHUIINM 3JIEMEHTOM aJrOPUTMOB U KAaTEropuu "MeTOIOB BeTBei
n FpaHI/H_L” ABJIAETCA OIlEHKa II€PCIIEKTUBHOCTU BBIUUCJIEHUN Ha OTae/JIbHO B34TON BeT-
Bu. Kak B 6azoBoMm anropurme [6], Tak U y HAC HCIIOJIB3YeTCsl OIEHKA, MPeJIOKeHHAs
I". Taunurom B [8]. B coorBeTcTBuE € Hell, BepXHEil OIEHKOM IIEHHOCTH UTOrOBOrO Habopa
HPEIMETOB JIJIsI HAIllel 3aa9n SIBJISIETCS

(¢ — Wy_1)pw

u = LP{,71 +
Wy

Js
rie |a| — maubouibinee 1esioe, He MPEBBIIIAOIIEe .

CoOTBETCTBEHHO, Ha BETBHU, I'JIe OCYIIECTB/ISIETCS IIPOBEPKA MEePCIEeKTUBHOCTH 106aB-
JICHHS IIPEJMEeTa ¢ HHIEKCOM ¢, TO ecThb B curyanun W < ¢, BepXHsisl OLEHKA He PEBLICUT
2, ecim
(c = W)p:

u=|P+
Wt

] <z

a TIpU OIIEHKE MePCIIeKTUBHOCTU BeTBU C yjajeHueM npejamera s (W > ¢) ciemyer mpo-
BepPATH yCIOBUE

(C B W)ps

Ws

u=|P+ | <z

B nporpaMMHOM KoJie yI00Hee NCIIONb30BaTh 3KBUBAICHTHLIC TpoBepku: g W < ¢
det(P—z—1,W —¢,ps,wy) <0,

agma W >c
det(P — z — 1,W — ¢, ps, ws) < 0.

3. PekypcuBHo-napaJuiejibHbIA aJITOPUTM

g 3a/1a9 TaKOTO pojia, KOTJia aJI'OPUTM €CTECTBEHHBIM 0OPAa30M OIUCHIBAETCH PEKYP-
CUBHO ¢ pazbuenmeM Ha JBe moj3ajaqdn, nocrpoenue Pll-aaropurMma, Kazaioch ObI, He
IIpeJICTaBJIAET CIOKHOCTH. BMecTe ¢ TeM ombIT pa3paboTKN U MCCJIEIOBAHIS TAKUX ITPO-
rpamm [13,14] nokasbiBaeT, 4To TAKON IPAMOJIMHENHDII TO/IX0J1 He BCErJia ABJIAETCS Hav-
JIyUIITUM, TIOCKOJIbKY He IO3BOJIsIeT B IOJIHON Mepe UCIO0Jb30BaTh BO3MOYKHOCTH MeXa-
HU3Ma JTUHAMUYECKON OaJIAHCUPOBKU 3arpy3KU, 3aJI0KEHHbIE B OUOJIMOTEKH TTOJJIEPIKKI
JIAHHOTO CTHJISE TIporpaMmupoBanus. [losroMy mipu perennn 3a1a4, onucasHbix B [13,14],
MBI UCTIOJIB30BAJIN CIIENNAIbHbIE ITPHEMbI 0POPMIIEHUS MOA3aad I JOCTUKEHUS 00T
IIIero YCKOPEeHUs 3a CUYeT MapaJljIeIbHOIO BBIMOTHeHNs. Kakoil mpuemM oKazKeTcs JIydIlre,
KaK/IBII pa3 oIpee/seTcs SKCIePUMEHTAIBHO.

B ciayuae 3aj1aum 0 prOK3ake JOCTATOYHO XOPOIIUE PE3YJIbTATHI IMOKa3aJsl, OJIHAKO,
MMEHHO TaKOH MPsIMOJTMHEHBIN T0/IX0/], KOT/Ia B KAIeCTBe M0/133/1a9 Ha KaXKJIOM Iare
pekypcun oopMIIAIach BeTKa, yaoBjeTBopsiomiasa yeaosuio W < ¢ wmm W > ¢ coor-
BETCTBEHHO. 3JIeCh, MPaBJIa, Ha TEPBBII IJIaH BBICTYIAIOT JPYTHe acleKThl odopMIie-
HUS [10/133/1a91, CBA3aHHbBIE B OCHOBHOM C HEOOXOUMOCTBIO 3(DPEKTUBHON OpraHu3aIiI
CTPYKTYP JIAaHHBIX, [I€PEJIABAEMBIX I10/133/Ia9e B KAUECTBE MCXOJHBIX, B BUJE TaK HA3bI-
BaeMOro 0JI0OKa IMapaMeTpoB, & TaKKe BO3BpAIaeMbIX depe3 OJIOK IMapaMeTpPOB Pe3y/ib-
tatoB. K ciioBy ckaszarh, B [6] BormpocaM MpHHA/IEXKHOCTH JAHHBIX K TOMY HJIH WHOMY
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KJIaCCY BHUMAHUS y/IeJIeHO He OBbLI0, a8 HelIPaBUIbHOE IIOHUMAHKIE 3TOTO MOMEHTA ITPUBO-
JIUT K HEBEPHOI paboTe Bcero ajaropurma. [loaTomy HuzKe mepes omucanmeM cOOCTBEHHO
AJITOPUTMa MBI OIHIIEM CTPYKTYPY OJIOKa MapaMeTpoB PEKYPCHUBHO-TIaPAJLIETbHON aK-
tuBanun. JIpyroit 0coOEHHOCTBIO JAHHON 3aJa9M W aJTOPUTMa €€ PEIIeHUsT SBJISIeTCS
TO, 9TO Pe3y/IbTHPYIONIee MHOKECTBO CTPOUTCS Ha 0OPATHOM XOJIe PEKYpPCHH, & 3HAUUT,
HEU3BECTHO B MOMEHT IPUHSTHA PEIIeHNsI O BKIIOUYEHUH WU UCKJIIOUYEHUH U3 HEro ove-
peJinoro nipesiveta. Ul HakoHerr, MpOBEePKY MEePCIIEKTUBHOCTU OY€PE/IHON BETBUA MbI ITPOU3-
BO/IMM €IIe JI0 ee IMOPOXK/IeHHsI, ITOObI He cO3/1aBaTh (PaKTUIECKH IIyCThIX TIOTEHIINAIbHO-
Murpupytonux akrusaruii PII-tiporeryp.

OCHOBHBIMU 3HAYEHUSMU, BKJIOYEHHBIMA B OJIOK ITapaMeTpoB, B HAIlleM BapuUaHTe
SIBJISTIOTCSI CJIE LY FOIIHE:

e Tekymnuit ypoBeHb BJIOYKEHHOCTH PEKYPCUU, OH YBEJIMIUBAETCS TOJBKO IIPHU Y/IBO-
eHNU WX Yucja. B KadecTBe orpaHndeHns PEKypPCUBHOTO JI€JIEHNST Mbl UCIOIb3yeM
HEKOTOPOE IIPe/ie/IbHOE 3HaUeHNe YPOBHS BJIOXKEHHOCTH. B HareMm cirydae 3T0 1103-
BOJISIET JIOCTATOYHO XOPOIIO YIIPABJIATH ITPOIECCOM PEKYPCUBHOTO JIEJIEHUS.

e Craprosble 3Hauenns W, P,s u t, a TakKe IpU3HAK TOrO, UYTO HA JAHHOI BETBU
pesyJibTar ObuT yiydiner (improved), W COOTBETCTBYIOIIEE YIIyUIIEHHOE 3HAYEHIE
nennoctu (local Best).

e CmcoK MCKJIIOUEHHUi, HAKOILJIEHHBIX JaHHON akTuBarmeil u ee moroMkamu. Co-
3/1aeTcd Ha OOpaTHOM XOJie PEKYPCUU B TeX CJaydasdX, KOrja OH Tpedyercs g
BO3BparTa.

Ha pucynke 1 mpuBoguTca OJIOK-CXeMa, MPEJICTABIMIONIAsA JIOTUKY HCIIOJTHEHUS I1a-
PaJIeJIBHOTO BBI30Ba OCHOBHO# BBIYMCINTE/IBHON MPOIEAyphl Halrero ajroputMma. OHa
MTO3BOJISIET MTOHATH, KaK U B KaKUX CJIydasix OCYyIIeCTBIIsIeTcd pa30neHne 3ajadn Ha JIBe
[10/138/1a9 1, KAK OCYIIECTBJISIETCS] CHHXPOHU3AINS BBIMIOJTHEHUST 1 (POPMUPOBAHNE PE3YITh-
Tara.

[To mocTm:keHnn 3aJaHHOIO IIpejesa JIpOOJIeHHs 3aJa9H JAJIbHEMINNne BhITHCICHUS
ocytecTageT nporeaypa Recursive Branch(W, P, s,t), KoTopast peajnusyer mocae0Ba-
TeJIbHOE pereHne. Biok-cxema ee paboThI peicTaB/IeHa HA PUCYHKE 2.

4. PesyabTaThl TECTUPOBAHUS

Ncexoublie jTaHHble s TECTUPOBAHUA T€HEPUPOBAJIUCH CIydaitHbIM obpa3om. [Ipu sTom
pa3Mep U IEeHHOCTDb IPEJIMETOB BapbUPOBAJIUCH HE CJUIIKOM 3HAYUTEIHLHO, 9TOOBI J10-
[IOJTHUTEILHO YCJIOXKHUTH 3aJa4y. BbIJI0 creHepupoBaHO HECKOJBKO JIECATKOB HADOPOB
HCXOJIHBIX JIaHHBIX 00bemoM B 60 u 80 mpeameroB. Paszmep u meHHOCTH UX OpaJjiich CJIy-
vaitno m3 juarnazona or 1850 mo 2150. Pasmep proksaka TO3BOJIAT B3ATb NPUMEPHO
noJIoBuHy IipeameToB. Ho maxke Jyrd TaKuxX TPUMEPHO OJHOTHITHBIX HAOOPOB MCXO/THBIX
JIAHHBIX BpeMs pabOThl TOC/IeI0BATEILHOIO aJITOPUTMa BaphbUPOBAJIOCH KAK MUHUMYM B
JIeCITKH Thicsid pa3. Hekoropble pemainch ObIcTpee CeKYHJIbI, JJIs JIPYTUX HE XBATAJIO
JIByX 9acoOB, B 9TUX CJIydadx paboTy IpOrpamMMbl MIPUXO/IMJIOCH 3aBEPIIATH, HE JIOXKIaB-
IIIUCH TIOJTyYeHUs OKOHYaTeJIbHOTO pertenusd. [losromy nipu ucciegoBanun 3pOEeKTUBHO-
CTU TIAPAJIIEJIbHOIO aJI'OPUTMa MbI OTOOPAJIM TOJIBKO T€ BAPUAHTBHI MCXOJIHBIX JIAHHBIX,
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Ha KOTOPbIX HOCJIG,ZLOB&TQJIBHLII'?'I AJITOPUTM BblJaBaJl pelieHue 3a BpeMA B IIpeeiax OT

3 muHyT J0 1 4Haca.

Y
Ecnu chopmupoBannoe P
MIPEBBIIIAET PEKOPIHOE,
0OHOBJISIEM PEKOPI,
OTMEYaeM, UTO pElICHHE

Hocturayr pelenue
npenen noj3aaaqu
JpOOIIeHUS ¢ Os10KOM

W He npeBpImaer
BMECTUMOCTH
proK3aKa

IlocnenoBaTenbHOE

rmapaMmeTpoB bp

YIIyUIIEHO

Ha

Berss t+1 He
yIydIiaeT
petieHus

Ha

BerBb s-1 HE
YIydIIaeT
perieHus

Yyepe3 BhI30B
H_Call (bpl)

4YCPE3 BbI3OBLI
P_Call (bp2)
H_Call (bpl)

yepe3 BhI30B
H_Call (bpl)

dopmupyeM Dopmupyem dopmupyem dopmupyem
010K 0JToKH 0JI0K 0JIOKH
napaMeTpoB napamMeTpoB mapaMeTpoB mapaMeTpoB
bpl (P+pl[t], bpl (P+pl[t], bpl (P-p[s], bpl (P-p[s],
W+w(t], s, t+1) W+wl[t], s, t+1) W-w[s], s-1, t) W-wls], s-1, t)
u u
bp2 (P, W, s, t+1) bp2 (P, W, s-1, t)
¥ v ¥ ¥
Pemenne Pemenne Pemenne Pemenne
mo/13a/1a4u rnoa3agady oA3aJaun moA3aaady

YCPE3 BbHIZOBLI
P_Call (bp2)
H_Call (bpl)

Wait() Wait()
Y v ¥ v
Ecnm pemrenne Ecnu pemienne Ecnu pemienne Ecnu pemienne
YIIy4ILIEHO, YIIy4ILIEHO, YIIy4ILEHO, YIIy4ILEHO,
3allOMUHAEM 3allOMHUHAEM 3aIlI0MUHAEM 3aIIOMHHAEM
B bp B bp B bp B bp

Y

Y

Y

Y

Puc. 1. bnok-cxema napamieasHOro BHITIOITHEHUSI OCHOBHOM MPOLIETYPBI

Fig. 1. Block diagram of parallel execution of the main procedure
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W He npeBbilaer
BMECTUMOCTHU
pIOK3aKa

Y
Ecnu cdpopmupoBannoe P
NPEBBIIIAET PEKOPIHOE,
OTMEYaeM 3TO B IEPEMEHHOMN
improved, oOHOBIIIEM
localBest, ouniiaem
CIIMCOK UCKIIFOUEHUH

Y Y

Iuxn t ki s
OECKOHEYHBIN OECKOHEYHBIN

BeTBb t HE BeTBEb S He

yIIydInaeT yIy4IiaeT
perieHus pelIeHus
Her Her
Br13oB RecursiveBranch Br3oB RecursiveBranch
(P+p[t]7 W+W[t], S, t+15 (P_p[s]a W-W[S], S_la ta
localBest, exceptionList) localBest, exceptionList)
Y Y
Ecnu pemenue ynydiieHo, Ecnu pemenue ymydiieHo,
OTMEUAEM 3TO B IIEPEMEHHOU OTMEYAEM 3TO B IIEPEMEHHOMU
improved, noGassiem t improved, noGasisiem s
B CIIMCOK MCKJIFOUEHUN B CIIMCOK UCKJTIOYEHUI
Y Y
ko t [Mukn s
t++ S——

Bo3sBpamaem
improved

Puc. 2. biok-cxema 1ocieioBaTeabHOTO BBIIIOJHEHNUSI OCHOBHOM IPOLIETYpPbI
Fig. 2. Block diagram of serial execution of the main procedure

B mporiecce TecTupoBaHUst HCIIOIB30BAINCH KOMIIBIOTEDPHI HA Oa3e YeThIPEXbsIICPHOTO
uporieccopa Intel Core i3 ¢ TakToBoit uacroroit 3.07 GHz u 4 GB oneparusHoit mamsitu,
paborarorue o, yipasaeaueM 64-paspsianoit OC Windows 7. [IpomnyckHast criocobHOCTH
cetu pasusiach 100 Mb/s.
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B rtabsuie 1 npuse/ieHbl HEKOTOPBIE PE3Y/ILTATHI BBIMUCJ/ICHUN, MO3BOJISIONIIE OIle-
HUTH TPYJIOEMKOCTb peIlleHusl 3aJa49i, BpeMsl pellleHus] U YCKOpPeHue, IOJy4YeHHOe I
HECKOJIBKUX CJIYYalHBIX HAOOPOB MCXOJAHBIX JAaHHBIX n3 80 mpeaMeToB. TpyroeMKoCTb
331891 MOZKHO OIICHATDH 110 YKA3aHHOMY KOJMYECTBY IIOPOZKICHHBIX IapaJsljIeIbHBIX BET-

Beit (cyMMapHO ISt BCEX MPOIECCOPHBIX Moyeit — [TM).

Tabnuna 1. TpygoemkocTs 1 yckopenue PlI-anroputma Ha 3amade ¢ 80 mpeaqmeramu

Table 1. The complexity and acceleration of the RP-algorithm on a problem with 80 objects

Ne n/n| Koari-so TIM 1 2 4 6 8 12 16
Betseii (i) |10551.23| 154.76| 304.54| 241.29| 29851| 220.68| 222.12
1 |Bpewms (c) 547.62 8.33 7.37 5.72 5.78 5.79 5.25
Yckopenue 1.00 65.77 74.35 95.69 94.81 94.56 | 104.39
Betseit (MnH) | 15 114.60|25538.38|51 228.36|39 633.71|33 172.25|16 164.25|19 662.56
2 |Bpewms (c) 762.86| 663.94| 654.11| 338.66| 209.18 70.86 67.27
Yckopenue 1.00 1.15 1.17 2.25 3.65 10.77 11.34
Betseii (MmH) (45 510.13|33072.12|30943.5130197.71 |15 252.44|21 327.09| 11 504.56
3 |Bpewms (¢) 2263.17| 859.64| 393.76| 260.25 98.73 93.61 41.95
Yckopenue 1.00 2.63 5.75 8.70 22.92 24.18 53.95
Betseit (MnH) | 5332.43| 2359.90| 2020.09| 2894.13| 3846.42| 5689.95| 7175.60
4 |Bpewms (c) 272.35 65.69 31.37 27.42 28.26 27.01 27.40
Yckopenue 1.00 4.15 8.68 9.93 9.64 10.08 9.94
Betseit (MnH) | 21477.44| 3453.82| 5502.24| 6892.83| 8233.19| 3530.34| 1559.01
5 | Bpewms (¢) 1068.25 94.26 73.25 62.82 56.19 18.59 9.49
Yckopenue 1.00 11.33 14.58 17.00 19.01 57.48| 112.54
Betgeit (MnH) | 3956.54| 1843.44| 3768.49| 1394.06| 151884| 2242.82| 1046.64
6 |Bpewms (c) 209.42 52.65 51.37 14.37 12.32 12.71 6.87
Yckopenue 1.00 3.98 4.08 14.58 17.00 16.48 30.47
Betseit (MnH) |47 836.56|33829.43|12 369.67 |17 925.07| 9858.63|11678.20|13 985.47
7 | Bpewms (¢) 2466.22 | 878.55| 161.71| 155.08 64.90 52.94 48.84
Yckopenue 1.00 2.81 15.25 15.90 38.00 46.58 50.49
Betseii (MnH) | 4650.47| 1041.19| 1178.17| 1317.48| 1432.33| 1730.72| 2169.74
8 |Bpewms (c) 229.81 27.93 16.01 14.47 12.10 10.63 13.60
Yckopenne 1.00 8.23 14.36 15.88 19.00 21.62 16.90
Betreit (M) |52 898.13| 92 754.95| 36 778.80 |47 898.28 | 21 868.91 | 29 560.00 | 29 560.00
9 |Bpewms (c) 2612.83|2365.98| 489.68| 435.12| 150.86| 139.26 77.43
Yckopenue 1.00 1.10 5.34 6.00 17.32 18.76 33.74
Bertseit (MnH) |45 674.54| 9553.20\29971.79|13 136.65 |24 774.09| 5885.24|10219.88
10 |Bpewms (¢) 2345.08| 252.49| 383.23| 119.37| 160.02 28.44 38.31
Yckopenue 1.00 9.29 6.12 19.64 14.66 82.46 61.21
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Anamsupys o1y YeHHble pe3yJIbTaThl, MOXKHO CJIeJIaTh CJIELyIOIIe BLBOAbI. Koned-
HO, TOYHOCTb OIIEHKU pPEeIeHNs Ha UCCJIeIyeMOil BeTBU BBIYUCIEHUI NUMeEeT OUeHb BayKHOE
3HaYEeHNe JJI CKOPOCTU TOIyUeHUs pe3yabTaTa, OJHAKO 9TO JAJeKO He eINHCTBEHHBIN
dakTOop, onpeeNdonuii BpeMsa BbIUUC/IEHUI KaK IMPU ITOCIEI0BATE/THHOM, TaK U IIPU
rapaJsiie;TbHOM pelleHun 3a 9.

Kak moka3bIBaioT pe3ysibTaThl SKCIIEPUMEHTOB, €JiBa Jin He 6ojiee BaXKHBIM (PaKkTO-
POM, OIIPEJIETISIONINM CKOPOCTb PEIIeHnd 3aJa4ui, ABJISIeTCs TO, KaK ObICTpO OyaeT Haii-
JIEHO JIydIlee UJId JIOCTATOYHO OJim3Koe K Hemy perrenne. [lociie HaxoxKaeHns TAKOBOIO
KOJIMYECTBO BETBEH BBIYUCJIEHUN, OTBEpPracMbIX HA PAHHUX CTaJIUAX BBUJY UX Oecrep-
CIEKTHBHOCTHU, pe3Ko Bo3pacTaeT. [lo 3Toit mpuyunne BpeMms pereHns KOHKPETHOH 3a/1a-
97 ABJIAETCS HETPeICKa3yeMbIM, M CTAHOBUTCS BeChbMa HEKOPPEKTHBIM JIe1aTh KaKHhe-TO
BBIBOJIbI O 3aBUCHUMOCTH 9TOT'O BPEMEHU, CKaxkKeM, OT pa3Mepa 3aJaqdu, eCJIu TOJbKO OH
He U3MeHseTCs OYeHb CUIbHO.

Mbr HabJ 101811 3Ty 0COGEHHOCTD U TIPU MCCIeI0BAHIN JAPYTrux 3a1a4 [13,14], Ho npu
MCCJIEIOBAHNT TTapaJlJIeJIbHON BEPCUN PENIeHns 38/I1a41 O PIOK3aKe OHa, ITPOSIBUIaCh OYeHb
3aMeTHO. Tak, UMEHHO €10 00bsCHseTCs TOT (baKT, UTO IPU IMapaLIe/IbHON paboTe ajro-
pUTMa OYeHb YaCTO YCKOPEHHe MPEBbINaeT (1 BeChMa 3HAYUTEIHHO) KOJINIECTBO BBITHC-
JINTEJIbHBIX Moty ieit. [I[puannoil, o9eBuIHO, IBISIETCA TO, YTO OJHOBPEMEHHO UCCJIEITYS
HECKOJILKO BeTBell, MbI IMOYTH BCErJla paHbIlle HAXONM JJOCTATOYHO XOpOIlee perleHue,
YTO TO3BOJIAET OTKA3aThCs OT aHa/n3a OOJIBIIEro KOJINIeCTBa HEITePCIIEKTUBHBIX 110,138~
Jad. 9ToT PaKT, Ha HAII B3IV, sIBJISETCSI BECKUM apryMEHTOM B IOJIb3Y IIPUMEHEHUS
PIIl-mporpamMmMupoBanus jijis perenus 3a/1a4 TaAKOTO Po/ia.
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Abstract. In this paper, we offer an efficient parallel algorithm for solving the NP-complete
Knapsack Problem in its basic, so-called 0-1 variant. To find its exact solution, algorithms belonging
to the category "branch and bound methods” have long been used. To speed up the solving with
varying degrees of efficiency, various options for parallelizing computations are also used. We propose
here an algorithm for solving the problem, based on the paradigm of recursive-parallel computations.
We consider it suited well for problems of this kind, when it is difficult to immediately break up the
computations into a sufficient number of subtasks that are comparable in complexity, since they appear
dynamically at run time. We used the RPM_ParLib library, developed by the author, as the main tool
to program the algorithm. This library allows us to develop effective applications for parallel computing
on a local network in the .NET Framework. Such applications have the ability to generate parallel
branches of computation directly during program execution and dynamically redistribute work between
computing modules. Any language with support for the .NET Framework can be used as a programming
language in conjunction with this library. For our experiments, we developed some C# applications
using this library. The main purpose of these experiments was to study the acceleration achieved by
recursive-parallel computing. A detailed description of the algorithm and its testing, as well as the
results obtained, are also given in the paper.
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Abstract. We present the methodology, as well as results of measurements and evaluation of
overhead created by concurrency and virtual memory. A special measurement technique and testbed
were used to obtain the most accurate data from the experiments. This technique is focused on the
measurements of the overall performance degradation that is introduced by concurrency in the form
of lightweight user-level threads on IA-32 processors. We have obtained and compared results of the
experiments in an environment with and without enabled virtual memory to understand what loss of
performance is caused by virtual memory in itself, and how it affects the overhead associated with
concurrency. The results showed that overhead of concurrency outweighs virtual memory overhead and
that there is a complex dependency between them. The article is published in the author’s wording.
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1. Introduction

In this paper we describe a work motivated by the desire to understand the influence
of concurrency and virtual memory to the performance of the system. To understand
that, we have measured the overhead created by the multithreading in its lightest-
weight form called fibers. Fibers are used to provide concurrency on the application
level. Additionally, we wanted to find out how the virtual memory affects performance
of both concurrent and serialized workloads.

Accurate and fine-grained performance measurements on the low level of the system
is challenging and requires taking into account a number of features of system and
CPU. We have used a benefit of having of our own research operating system to create
the B DmClean Rooms K environment, in which we have eliminated interference of the
measurements with other activities asynchronously going in the system.
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2. Related Work

There are a variety of works done to understand a context switch overhead, yet none
of them has considered concurrency in general on the modern CISC processors. It is
hard to find the published results of actual measurements of virtual memory overhead.
Moreover, interdependence between concurrency and virtual memory overheads was not
investigated.

The first research in that field was done by Agarwal et al. [1|, where it demonstrated
that multiprogramming activity significantly degrades cache performance. After that,
Mogul advanced and widened original research [8]. In both cases results were achieved
through simulation but not actual experiments and concurrency were considered in the
heavyweight form — multiprocessing. Additionally, CPUs have significantly advanced
during the last two decades. There is a concern that both works do not reflect the
behavior of the modern CPUs.

McVoy et al. measured the cost of context switch between multiple processes using
Imbench [7]. While this work provides results of experiments done in real-world environ-
ments, it considers multiprocessing rather than concurrency in general and accounts not
only CPU but also OS overhead.

Li et al. has conducted a research similar to our work [5]. He has quantified context
switch cost, but like in previous cases, he has focused on Linux multiprocessing, and had
not cut off overhead created by contention on memory bus.

Finally, the David et al. |2] has considered concurrency in general instead of multi-
processing. But his measurements were performed on RISC processor (ARM), while
we were interested in understanding of concurrency overhead created on advanced and
full-featured CISC processors (IA-32).

We are not aware about any good paper with evaluation of virtual memory overhead.
It is interesting, but the only paper that sheds some light to this issue is an overview of
Singularity OS [4]. But even it considers entire overhead created by virtual memory and
does not dig into details.

3. Measurement Methodology

Our measurement methodology was designed to provide the cleanest and accurate results
with a fine-grained resolution. We have eliminated interference with interrupt handling
and operating system kernel scheduler on macro-level. Furthermore, we have taken into
account potential disturbance of the branch prediction, influence of the measurements
on the instrumented code execution time and potential issues related to caching on
micro-level.

3.1. System Structure

Experimental setup is depicted on Figure 1. We have used an advantage of having our
own experimetal operating system to create testbed. In particular, the OS loader was
modified by injections of three code modifications.

One of the injections is used to disable multiprocessor boot. By this, influence of the
contention on memory bus to the results of measurements was eliminated. Despite the
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Fig 1. Experiment setup

fact that computer system equipped by two CPUs was used during performance tests,
only one CPU was bootstrapped and used. The second one was leaved in the uninitialized
state. In addition, the Hyper-Threading technology was disabled through the BIOS for
the time of all experiments.

The second code injection has added the switch which controls enabling of the virtual
memory. Availability of this switch has allowed to consider influence of virtual memory
to the system performance.

Finally, the last code injection contains microbenchmark with two test cases. The
first test case reproduces batched singlethreaded processing of workload. In the second
scenario, the same workload is processed concurrently by two user-level threads. Bench-
mark finishes its work by halting the future loading of the operating system, which is
unneeded and unsafe.

Benchmark applications use the same preallocated buffer in both test scenarios.

3.2. Benchmark Implementation

Benchmark starts work by disabling interrupts. By this, we eliminate potential interferen-
ce of measurements with interrupt handling, which can affect accuracy of the measure-
ment results.

Before the start of measurements, user-level multithreading environment is initialized.
In our experiments only two threads are in use. Thus thread switch pointer should be set
up and two stacks should be allocated and prepared. Each user-mode thread uses its own
“top of the stack” pointer, which is also initialized during preparation to measurements,
as well as initial stack frame.

Measurements is taken for a number of different workload sizes starting from 0 and
ending by 24MB. Due to this benchmark performs a number of iterations of measure-
ments, each time doubling the workload (0, 1b, 2b, 4b, ..., 24MB). On each iterations
two experiment scenarios are executed: singlethreaded and multithreaded and, therefore,
two measurements are taken. Before each experiment, cache warmup is performed by run
of few experiments which execution time is not accounted for in measurement results.
Finally, two experiment scenarios are played.

During experiment we emulated work of the application with variable working sets.
Two buffers of the same fixed size were used to emulate working sets. The goal of the
application was zeroing of buffers. Each scenario was replayed 100000 times.
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In the singlethreaded scenario application sequentially refills first buffer by zeroes. In
such a way it emulates the first program working with data in its working set. After the
first buffer will be refilled 100000 times, application repeats the same procedure for the
second buffer, emulating the second sequentially executing program.

In the multithreaded scenario, both emulated applications execute concurrently. After
each buffer refill context switch to another application is performed. This process conti-
nues until both buffers will be refilled 100000 times.

3.3. User-Level Threads Implementation

The primary goal of our experiments is to understand the impact of concurrency to the
performance, but not the impact of some specific implementation of concurrency. Due
to this the lightest form of multithreading was chosen.

Implemented multithreading environment supports only two user-level threads and
is based on cooperative form of multitasking. As a result, it does not require presence of
scheduler. Additionally, run queue has degraded to the switch point, because we always
have a system in a state where one thread is running and one thread is in ready state.
Hence, context switch can be considered as a simple swapping of the roles/states between
these two threads. Due to this environment maintains minimal global state consisting
only of one variable, which stores stack pointer of the thread that is in the ready state.
State of the user-level threads includes only state of eight general purpose registers of
[A-32 processor. During context switch, outgoing thread stores its state on the top of its
own stack. Then it swaps content of the global state variable and stack pointer register
of processor. Finally, incoming thread loads its state from the top of its own stack.

The function for the user-level thread switch is implemented as follows:

; BFCX — address of global state
SwitchThread :

pushad

mov EAX | [BCX]

mov  [ECX], ESP

mov ESP , EAX

popad

ret

3.4. Measurement Methodology and Points

The primary tool which was used for execution time measurements is a IA-32 time stamp
counter. Time stamp counter provides a highest resolution with granularity equal to a
tick of system bus. It was safe to use time stamp counter in our experiments, because
we had full control over CPU and were assured that thread migration to another CPU
is prevented.

To reduce the effects of the measurements on the results, the number of the measure-
ments taken was minimized. Furthermore, all measurements were done using the same
framework, where only test scenarios were replaced. As a result the difference in measured
time for two experiments will show only difference in execution time of test scenarios.
Framework and test scenarios are depicted on Figure 2.
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Fig 2. Experiment Scenarios

In our approach we have taken into account all effects of advanced processor features
such as superscalarity, branch prediction and out-of-order execution, because we wanted
to know the full impact of multithreading and virtual memory on the performance. Due
to this the overall time of the entire series of 100000 experiments was measured. Note
that in multithreaded experiment scenario two iteration counters were actually used,
one per each thread stack. Thus, the entire experiment actually performs 200000 buffer
refills, 100000 per each buffer.

3.5. Experimental Platform

All measurements were done on the Dell PowerEdge 2650 server |3] with two Intel Xeon
CPUs [6] (Details are provided in Table 1).

Table 1. Experiment platform

CPU Intel® Xeon® Processor
Microarchitecture NetBurst
Codename Prestonia
Frequency 2.4 GHz
TLB 64 + 64 entries
L1 code cache 12 K-Ojop _
8-way set associative
8 KByte

L1 data cache

4-way set associative
64 byte line size

L2 cache

512 KByte
8-way set associative
64 byte line size
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4. Results

Figures 3 and 4 visualize the measured overhead imposed by concurrency in the form
of light-weight user-level multithreading as discussed in section 3.3. Both figures contain
two graphs that show overhead measured in the environment with enabled and disabled
virtual memory. Figure 3 represents an absolute overhead measured during a series of
experiments and Figure 4 shows the same results, but in a form of relative overhead.
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Fig 3. Absolute overhead of multithreading
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Fig 4. Relative overhead of multithreading

As reader can see, concurrency always creates performance penalty which is in the
worst case raises up to almost 1.125 millions of wasted CPU ticks per time quantum used
by thread or 352% of overhead. This worst case represents the scenario with working set
of size 0.5MB, which is a size of L2 cache in our experimental setup. In the case of
absence of concurrency entire working set is loaded into the cache once, where it is
processed multiple times. But in the case of concurrency entire cache is considered as
completely polluted and thus is constantly reloaded after each context switch. In general,

overhead is significant and reaches acceptable levels only for working set sizes of near
128KB and bigger than 2MB.
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Figure 5 shows how enabled virtual memory affects the overhead imposed by concur-
rency. In most cases it reduces performance penalty created by concurrency. In some
cases even significantly (up to -90% for the case of working set of 16KB). In other cases,
enabled virtual memory can boost concurrency overhead (up to +44% for the case of
working set of 1.5KB). It would be interesting to note that influence of enabled virtual
memory on concurrency overhead for the scenarios with working sets bigger than 0.5MB
is negligible.
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Fig 5. Impact of virtual memory onto the concurrency overhead

Another aspect discussed here is how the enabled virtual memory affects performance
of the application and concurrency overhead. Figures 6 and 7 shows the results of
measurements of overhead for enabled virtual memory. As in the previous case, Figure
6 represents performance penalty in absolute values, when Figure 7 represents the same
results but as relative overhead.
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Fig 6. Absolute overhead of virtual memory

It is interesting to note that in contrast to the concurrency, impact of the virtual
memory to the application performance is not trivial. In most cases enabled virtual
memory degrades performance of the application, or its impact is negligible. But actually,
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Fig 7. Relative overhead of virtual memory

we can see the cases when virtual memory boosts application performance. What is even
more interesting, that boost is significant for the concurrent workload (up to 39% for
16KB working set) when it negligible for the serialized workload (up to 7.5% for 3MB
working set). Impact of concurrency onto virtual memory overhead is demonstrated on
Figure 8.
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Fig 8. Impact of concurrency on virtual memory overhead

5. Conclusions and Outlook

We presented the results of the measurements of the overhead incurred by concurrency
and virtual memory. During measurements special focus was pointed to achievement of
the most accurate and fine-grained results. Due to this the “Clean room” methodology
was used.

We have demonstrated that concurrency creates significant overhead which can grow
up to 350% in a terminal case. Reason for this is an advanced multilevel caching used
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by CPUs to hide the cost of access to main memory and by cache pollution introduced
by concurrency.

In contrast, impact of virtual memory on the system performance is not trivial.
Furthermore, it largely depends on the type of workload. In particular, we have found
an interesting phenomena when virtual memory even significantly boosts performance
of concurrent workload (up to 39%).
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Awnnoramusa. B nannoil craTbe npencTaBiisieTCss METOMOJIOTHS U PE3YIbTATHI U3MEPEHUI U OIEHKHI
HaKJIaIHBIX PACXOJIOB, CBA3aHHBIX C IIapaJIJIEJIM3MOM U BUPTYaJbHON namaThio. Jlis nosyuenus Hanbo-
Jiee TOIHBIX IKCIIEPUMEHTAIbHBIX JAHHBIX UCIIOIH30BAIACH CIEInAIbHAS METOINKa, u3Mepenuii. /lannas
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BBI3BIBAETCSI BUPTYAJIbHON IMAMATHIO, & TAKXKe TO, KaK OHA BJIASET HA HAKJIQIHbIE PACXO/bl, CBI3aHHbIE
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Awnnoramusa. PaccmarpuBaercs 3a/iada MpOBEPKHU JOIMIYCTUMOCTH KOHMUTYPAIUH MOJYJIHHBIX BbI-
qucauTeNbHBIX cucTeM peanbHoro Bpemern (MBC PB). Kondwurypanus cunraercs nomyctumoii, ecan
Bce paboTHI ycreBaloT BhIIOJHUTHCA Ha MBC PB B pamkax cBOMX JUPEKTHUBHBIX MHTEPBaJIOB. IIpe-
JioKeHa 00001eHHast Mojiesib pyaknuonuposanust MBC PB u meron mocrpoenust Ha €€ oCHOBe MOJe/n
I KOHKpeTHO# KoHdurypanuu. Mojenas npescraBisier co0oil ceTb BPEMEHHBIX aBTOMATOB C OCTAHOB-
Koii Taiimepos. ITo BbIYUCIEHUIO CETH ABTOMATOB IIpEJJIaraeTcs CTPOUTh BpeMeHHyo quarpammy (BJT)
dyukmmonuposanus MBC PB, neobxomumMyto [1jisi IpoBepKu JloycTuMocTu. B pabore 060CHOBBIBAETCS
KOPPEKTHOCTB MPeJJIOKEHHOro mojxoa. 13 crerudukarmit za MBC PB 6511 BblIesIeH psin TpeboBa-
Huii, npuMeHnMbIX K MojesisiMm MBC PB u ux KoMIoHeHTOB Ha BRIOpaHHOM ypoBHE abcTpakiuu. Momeiu
CUUTAIOTCA KOPPEKTHBIMU, €CJIU yIOBJETBOPSIOT 3TUM TpeboBaHusiM. JIOKa3aHO, 9TO e€Cjiu BCe MOJIETU
KOMIIOHEHTOB CHCTEMbI YIOBJIETBOPAIOT COOTBETCTBYIONMUM TpeboBanusim, To moaeabs MBC PB, mocrpo-
eHHasl COIVIACHO IPEJJIOKEHHOMY IIOIXO/Y, YAOBJIETBOPSET TPEOOBAHUSIM K MOJEHN CUCTEMBI B IEJIOM
(TO ecTh KOPPEKTHA), & TAKIKE SIBJISIETCsI IeTEPMUHUPOBAHHOM. 1011 leTepMUHIPOBAHHOCTBIO TOHUMAET-
csl OJIHO3HAYHOCTH TocTpoeHus B/l ceTn aBTOMATOB, COOTBETCTBYIOMIEN 3aJaHHON KOH(PUTYPAIUA. DTO
[MO3BOJISIET WCIOJIb30BATH JIJIsi MPOBEPKHU JIOIYCTUMOCTHA KOH(MUI'YpaIuu JII000e BBIYUCIEHUE COOTBET-
CTBYIOIIEN CETH aBTOMATOB, UYTO KpaifHe Ba2KHO /11 3(HEKTUBHOCTU MPE/JIOZKEHHOTO TIOXO0/1a, TAK KaK
9HCJIO BO3MOXKHBIX BBIYUCJICHUII CETH aBTOMATOB PACTET IKCIOHEHIIMAJIHHO C YHCJIOM PAabOT B CHCTe-
Me. Brinosinenne TpeboBaHUil KOPPEKTHOCTU K MOJIEJISIM KOMIIOHEHTOB CUCTEMbI MOXKeT ObITh IIPOBEPEHO
aBTOMATUYECKH C WCIOJIb30BaHUEM BepudUKaToOpa U IOJX0/a aBTOMAaTOB-HabJOAaTeeil. Bee paspa-
OOTaHHBIE HAMHU MOJIEJIM KOMIIOHEHTOB CHCTEMBI YJIOBJIETBOPSIIOT COOTBETCTBYIONIUM TPEOOBAHUSIM, UTO
6bLT0 J0Ka3aHo ¢ nomorbio Bepudukaropa UPPAAL. Eciau nosb3oBaTenbeckue MOJEIN KOMIIOHEHTOB
CHCTEMBI YJIOBJIETBOPSIOT TPEOOBAHUSIM KOPPEKTHOCTH, TO OHU MOTYT OBITH BKJIOYEHBI B Mojear MBC
PB, koropas mpu 9TOM OCTaHETCsI KOPPEKTHOW U JeTEPMUHUPOBAHHOM.
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BBenenmne

B wmacrosiiee BpeMsi OJIHUM U3 TEPCIIEKTHUBHBIX THUIIOB apXUTEKTYP BCTPOEHHDLIX BbI-
YUCUTE/IBHBIX CUCTEM PeabHOTO BPEMEHU sIBJISIETCS MOJIyJIbHAsl apXuTeKTypa. B 1an-
HOI CTaThe B KadecTBe IMPUMepPa MOJYIbHBIX BBIUUCIUTEIbHBIX CUCTEM PEAJHbHOTO Bpe-
menn (MBC PB) paccmarpuBaroTcst cucTeMbl MHTEIPUPOBAHHON MOJLYJIbHON aBHOHUKI
(UMA) [1].

MBC PB, B Tom uncie cucrembl UMA, cocTosIT U3 CTaHIapTH3NPOBAHHBIX BBITHCIIN-
TEJILHBIX MOJIyJIEll, CBA3AHHBIX MEXKJIy COOOl KOMMYTUPYEMOIl CEeTbIO ¢ BUPTYaJIbHBIMU
KanajgaMu. KaxKiplit MOJTY/Ib COIEp:KUT HADOp MHOrosIepHbixX mporeccopos. B MBC PB
MOT'YT BXO/IUTH IIPOIECCOPBI PA3TUIHBIX TUIIOB, PA3INIAIOIINXCS TPOU3BOIUTETBHOCTDIO.

Pabouas nHarpyska mpejicraBjieHa HabopoM paszjesioB. Pa3jiesiom Ha3bIBaeTCs rpyIia
JIOTUYECKU CBSI3aHHBIX 3a/1a4, B3AUMOJICHCTBYIONINX OCPEACTBOM obmeit mamsaru. Kak
[IPABUJIO, OJINH PAa3/1eJ COOTBETCTBYET OJHOMY IPHUJIOKEHNI0. Bee 3a/1a9u SABISIOTCS T1e-
PUOUYIECKUMMI: 38 ITEPUOJT JIOJ?KEH BBITOJTHUTHCS OJINH K3EMILIAD 3a/1a491, Ha3bIBA€MBbIii
paboroit. Mexk1y 3ajadamMu ¢ OJIMHAKOBBIM IIEPUOJIOM MOTYT CYIIECTBOBATH 3aBUCUMO-
CTU TI0 JIAHHBIM: OdepejiHas padoTa 3aauu-ToJIydaTe/is He MOXKET HadaTh BBIOJHE-
HUE JI0 TeX IOp, MOKa He MOJIyYUT JIaHHbIE OT BCEX COOTBETCTBYIOIIUX PabOT 3a/at-
ormpasuTeseil. Jlis kax ol 3a/1a11 3a/1aHO BpeMsI BBITIOJIHEHUsT Ha TIPOIIECCOPE KazKI0T0
THUIIA.

Kaxkaprit pasmesnr mpuBsi3aH K BBIYUCIUTEILHOMY SIIPY B COCTaBe IPOIECCOPA.
Heckobko pasziesioB MOTYT OBITH IPUBS3aHBI K OJTHOMY B TOMY 2Ke sj1py. Ha narepBaJie
IJIAHUPOBAHUS JIJIT BBITUCIUTE/IHHOTO s1JIpa 38/aeTCA CTAaTUIECKOe PACIUCaHUue OKOH, TO
€CTb OTPE3KOB BPEMEHU, B TeUeHUEe KaXKJIOI'0 U3 KOTOPBIX MOI'YT BBIIOJTHATHCS PAOOTHI
OTIpEJIe/IEHHOTO pa3fesia. KaxK bl pasjiesl uMeeT COOCTBEHHBIN IIAHUPOBIIUK, YIIPaB-
JIATOIINI ITOCTAHOBKOI Ha BBINIOJIHEHHE PabOT BHYTPH OKOH pasjesa. /lomyckaercs uc-
[IOJIb30BaHNE PA3HBIX aJTOPUTMOB IIAHUPOBAHUA B PA3HBIX pasjesax. ¥ KaxKjoit pabo-
ThI CYIIECTBYET JUPEKTUBHbBIA MHTEPBAJI, OIPEICISIONIUNCT TIePUOJIOM 3a/Ia9H, a TaK¥Ke
JIOTIOJIHUTEJILHBIMU TTapamMeTpamu. PaboTta Jo/KHa 3aBEPITUTD BBIIOJIHEHUE HE TIO3/IHEEe
OIIPEJIeJIEHHOM JIjIsT Hee MPaBoil TPaHUIbl JUPEKTUBHOIO WHTepBasia. Eean rpanuia ju-
PEKTUBHOIO WHTEPBAJA JOCTUTACTCs JIO 3aBEPIINEHUs] BBIMOJHEHUS PabOTHI, TO pabora
CIUTAETCS OTIO3/IABINEN M HE MOXKET JIaJiee BBITOIHIThHCSA Ha BRITUCIUTETLHOM sipe. Ta-
KM 00pa3oM, BpeMs, KOTOpOe OIo3/iaBias paboTa HaxXoMach Ha BBIYUC/IATEILHOM
siJIpe, MeHbIIle 3a/IAHHOI0 BPEMEHU, HeOOXOIUMOTO JIJIsl €€ BBIITOJTHEHUS.

Kondurypanus MBC PB onpesenser nabop ee MoyJieil, XxapakTepucTuku pabodeit
HATPY3KH, MPUBA3KY PA3JIEJIOB K dJIpaM U PACIMCaHUs OKOH I KaxKJoro sypa. Kon-
durypanus MBC PB naszbiBaercs jpomycrumoit, eciu Jijis Hee B mporiecce (byHKIIMOHH-
poanust MBC PB uu onna u3 pabor #e cranosutcs onosmpasineii. [Ipu mpoektupoBanum
MBC PB ananusupyercst psij] MOTEHITUAIBHBIX KOH(DUTYPAINii, 11 KOTOPBIX HEOOXOTH-
Ma, TIPOBEPKA JIOIYCTUMOCTH.

OHUM U3 METOJIOB TPOBEPKU JIOMYCTUMOCTH SBJISIETCS MTOCTPOEHNE BPEMEHHON Tha-
rpammbl (BJT) dyrkimonuposanust cucreMbl. B/L comepKuT cobbITHST TIOCTAHOBKH Ha, BbI-
[IOJTHEHUE, BhITECHEeHUE U 3aBepiienne padoT. Kakmoe coObITne XapaKTepu3yeTcss TUIIOM,
uieHTUUKATOPOM pabOTHI-UCTOYHUKA U BpeMeHnHoit metkoii. B/l MoxkeT ObITH 1oty aena
B pesy/ibTare nporona nMuranunornoil mogemn MBC PB. B pa6ote [2] 6buta npeioxena
obobrmennast Mosenb dyrkimonnposaang MBC PB, a takxke anropuTm mocTpoeHust Ha
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ee ocaoe mojenun MBC PB zamannoit kondurypanun. B ocHoBe manHOil 00001IeHHOMN
MOJIeJIN JIEYKUT MaTeMaTHIeCKUil almapar ceTeil BpeMeHHBIX aBTOMATOB ¢ OCTAHOBKOI
TafiMepOoB, TO3BOJIAIONINI (POPMAaILHO ITPOBEPUTH BBIMIOJIHEHUE Psja TPeOOBAHUE K MO-
JTEJISIM.

B nmannOIT crarbhbe mpeIozKeH I0AX0/ K 000CHOBAHUIO KOPPEKTHOCTU U JIeT€PMUHU-
POBAHHOCTHU KJIacca MOJIe/eil, CHHTE3NPYEeMbIX Ha OCHOBE 0000IeHHO (hopMaIbHONR MO-
geu. C IOMOIIBIO JTAHHOTO IIOJX0/Ia JOKa3aHa KOPPEKTHOCTh U JIeTePMUHUPOBAHHOCTH
MOJIeJIeil, IIOCTPOEHHBIX aBTOPaMU.

1. O6oobmennasa mogenb pynkinonupoBanus MBC PB

1.1. Ceru BpeMeHHBIX aBTOMAaTOB C OCTaHOBKOIi TaiiMmepoB

B pabore [2] 6611 copmyarpoBan psig TpeOOBAHUN K MATEMATHIECKOMY allapary s
mogsiesiupoBarnss MBC PB, u B coorBercTBumn ¢ TpeboBaHMAME BBIOPAH almapar ceTeil
BPEMEHHBIX aBTOMATOB C OCTAHOBKOI TaiimMepos [3].

ABTOMaT ¢ OCTAHOBKOII TaiiMepOB IPeJCTaB/IseT cOOO KOHEUHBI aBTOMAT C IIeJI0-
YUCJICHHBIMU TIEPEMEHHBIMU U Taiimepamu. ['padudeckn Takoil aBTOMAT MOXKET OBITDH
IIPEJICTABJICH B BHUJIE PA3MEUECHHOIO OPUEHTUPOBAHHOIO rpada, BEPIIHHBI KOTOPOro Ha-
3BIBAIOTCS JIOKAIUSMHI, a JIyT'd — Iepexojamu. Taiimep — 9T0 crenuabHast IepeMeHHasd,
MPUHUMAIOIIAS BelleCTBeHHbIe 3HAYCHH. TaiiMep CINTaeTCst aKTUBHBIM, €CJIN €0 yCJIO-
BHe aKTUBHOCTH (0yJIeBO BbIDAsKEHNe HAJl MHOZKECTBOM [IEPEMEHHBIX ) B TEKYIIe JJOKAIIN
aBTOMaTa UCTUHHO. B IPOTUBHOM ciiydae TaiiMep CUNTAETCs OCTAHOBJIEHHDBIM.

Kaxkoit jokarum conocraBjieH MHBAPUAHT — OYJI€BO BbIPaKeHMe HaJI TafiMepaMu u
epeMeHHBIME. ABTOMAT MOXKET OCTaBaThCS B JAHHOW JIOKAIIUH JIO TEX IOP, MMOKA WHBa-
PUAHT 3TOM JIOKAIIUA UMEET UCTUHHOE 3HAUCHHUE.

Kazkaprit mepexo1 xapakTepu3yeTcst yCJIOBUEM MePexXo/ia, JeHCTBUIMI HaJl TIepeMeH-
HBIMU ¥ TaiiMepaMd ¥, BO3MOXKHO, CHHXPOHU3aIWell ¢ IpyruMu aBroMaTaMu. llepexorn
AKTUBEH, €CJIN aBTOMAT HAXOAUTCS B JIOKAIIUH, TIPEJIIIECTBYIOIIEN STOMY IepeXo/Ly, 3Hate-
HUS [TEPEMEHHBIX U TalMEPOB YIOBJIETBOPSIOT YCJIOBUIO IIEPEX0/a, M MHBAPUAHT JIOKAIUH-
Ha3HAYEHUs [epexo/ia UMeeT UCTHHHOe 3Hadenne. [lepexomn Moxker (HO He 00si3aH) OBITH
COBEpIIEH, eCJIU OH aKTUBEH W MOXKET OBITh BBINOJHEHA CUHXpOHW3arus. [Ilpu cosep-
IIIEHNH [TePEX0/Ia MEHSIeTCs TeKYIas JIOKAIMA aBTOMaTa, MPOUCXOIUT CHHXPOHU3AINST 1
BBITTOJTHSAIOTCS JIECTBUSA 110 N3MEHEHUIO TIePEMEHHBIX U TaiiMepoB.

CocrosinreM aBTOMaTa Ha3bIBAETCH COBOKYITHOCTH €0 TEKYIIeil JIOKAIUU, 3HAUYeHU
nepeMeHHbIX 1 TaliMepoB. CoCTOsSHIEe aBTOMATA MOYKET UBMEHUTHLCA HE TOJIHLKO B PE3YJib-
TaTe BBIMOJHEHUS MEPEX0/ia, HO U B pe3y/bTaTe YBe/JMYeHUs] 3HAUCHUI BCeX TaiiMepoB
Ha OJTHO U TO ke 3HadeHue. Ha pucynke 1 npuBejeH mpumep aBToMaTa, MOJIEIUPYIOIIEro
IJIAHUPOBIIIUK Pa3Iea.

Cerb aBTOMATOB TIpejicTaBsieT co0o0it HaOOP aBTOMATOB, (PYHKIIMOHUPYIOMINX COB-
MECTHO U B3aUMOJIEHCTBYIONIMX ITOCPEJICTBOM OOIMUX IMepeMeHHbIX U Kanajos. Habop
MEePEMEHHBIX U KAHAJOB, MOCPEJICTBOM KOTOPBIX JAHHBIA aBTOMAT B3aUMOJEHCTBYET C
JIDYTUMU aBTOMATAMU CETH, HA3BIBACTCS UHMEPHETCOM a8momama.

Kanam — cpesicrBo cunxponunsaruu aBroMaToB. CyImecTByeT JiBa MAPHBIX JIefCTBU
CUHXPOHU3AINN: OTIPaBKa W IIPHEeM CUTHAJIa 10 KaHajy. Fcan B HEKOTOPBI MOMEHT
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Puc. 1. IIpumep aBTOMaTa, MOJIEJUPYIONIETO IJIAHUPOBIIUK pas/ieia
Fig. 1. An automaton example. Partition scheduler model

BPEMEHU B JIBYX aBTOMATAX CETH AKTHBHBI II€PEXOJIbl C IIAPHBIMU JIEHCTBUSAMU CUHXPO-
HU3AIUU 110 OJJHOMY U TOMY K€ KaHAaJLy, TO 9TU [E€PEXOJIbl BBIIOJHAIOTCS OJHOBPEMEHHO.
Kanasy moxkeT GbITh Ha3HaYeH TPUOPUTET. ECM B HEKOTOPBI MOMEHT BDEMEHU B CETH
ABTOMATOB BO3MOKHbBI CHHXPOHH3AI[MH 110 JIBYM PA3JMIHBIM KAHAJIAM, TO BBIIOJIHIETCS
CHHXPOHU3AITHS 110 KAHAJLY C BBICIIAM [PHOPUTETOM.

Koneunas nin 6eCKOHEHAs [OCJIEIOBATEILHOCTD COCTOSIHNUI, COOTBETCTBYIOIIAsT HEKO-
TOPOMY CIleHApHIO (DYHKIMOHUPOBAHUS CETH aBTOMATOB, HA3BIBACTCHA GbIUUCACHUEM.

JIjist onucanust MPeJIJIOKEHHON MOJIeJI [IEPBbIM U3 COABTOPOB ObLI BBEJEH Psil JI0-
HOJIHUTEJILHBIX OlpeiesieHuii [2].

Modeavhoe epems cemu a8momamos — 3HaYE€HNEe HEKOTOPOT'O CJIy?KeOHOro Taiimepa,
YCJIOBHE aKTUBHOCTH KOTOPOIO BCErJIa UCTUHHO U KOTOPbIii HUKOIJIA He OOHYJ/ISeTCs.

CobbITEe  CHHXPOHU3AIMK  aBTOMATOB 5T0  Tpoiika ( KaHaja, HabOP
ABTOMATOB-y9aCTHUKOB CHHXPOHH3AINU, MOJEJIbHOE BpeMs ). Bpemennaa duazpamma
cemu asmomamos — HaDOp COOBITUI CHHXPOHU3AIIUU, COOTBETCTBYIOIINI HEKOTOPOMY
BBIYUC/IEHUIO JTAHHOM CeTH.

LHapamempuzosarrwviil asmomam — 3TO aBTOMAT, B apuDMETHICCKUX U JIOTHICCKUX
BBIPAKEHNSIX KOTOPOTO HAPSIY C YHCJIaMU U IT€PEMEHHBIMU HCIOJIB3YIOTCS ITapaMeTph
¢ He3aJAHHBIMU 3HAYCHUSAMU.

Basoswiii mun asmomamos onpenensierca Tojabko unrepdeiicom. Ilapamerpusoban-
HBIIT aBTOMAT peanudyem 0a30BBII TUIT aBTOMATOB, €CJiu nHTepdelic mapaMeTpu30BaHHO-
ro aBTOMAaTa COJIEP:KUT BCEe KaHAJIBI U IIepeMeHHble nHTepdeiica 6a30BOr0 THIIA, a TaK¥Ke,
BO3MOKHO, JIDyT'He KAaHAJbI U IIePEeMEHHbIE.

Bseiennbie ypoBHI abCTPAKIIMU aBTOMATOB COOTBETCTBYIOT B paMKaX IIpejijiaraeMoit
CXeMbl MOJie/IupoBanus ypoBHsaM abctpakiuu Kommonentros MBC PB. Bazosomy Tumy
aBTOMAaTOB COOTBETCTBYET 0A30BbIN THII KOMIIOHEHTOB. Bazosslit Tun kommonenta MBC
PB omnpenensier cepBuc, mnpeaocraBigeMblii KOMIOHEHTOM cucTembl. [Ipumepom 6azoBo-
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IO THITa KOMIIOHEHTA SIBJISIeTCS TIAHUPOBIIUK pasjesa. [lapamerpuzoBanHoMy aBToMaTy
COOTBETCTBYET KOHKDETHBIN Tul KoMmroHneHTa. Koukperusiit Tun kommounenta MBC PB
ompesiesIgeT JIeTa/i peajn3alnun 0a30Boro Tuia. [[puMepoM KOHKpPETHOrO THIIa KOMIIO-
HEHTa ABJISIETCS IJIAHUPOBIIUK pa3jesa, paboTalonuil Mo aJropuTMy IJIaHUPOBAHUS C
pUKCHPOBAHHBIMU ITPUOPUTETAMU U BBITECHEHUEM. DK3EMILIAPY aBTOMAaTa COOTBETCTBY-
€T HK3EMILIAP KOMIIOHEHTa CUCTEMBI.

Habop 6a30BbIX THIIOB aBTOMATOB Ha30BeM 0000weHnot cemvro asmomamos. Habop
napaMeTpU30BaHHBIX aBTOMATOB — NAPAMEMPUIOBAHHOT CEMBIO AEMOMAMOE.

1.2. CrpyKTypa 00001eHHOIT Moaein (PyHKITMOHUPOBAHUS
MBC PB

B pabore [2] A. Torunoit mpejyioxkena 06001eHHast MOjiesb dbyHKImoHnposanus MBC
PB, npencrapisiomas coboit 000OIIEHHYIO CeTh BPEMEHHBIX aBTOMATOB C OCTAHOBKO
TafiMepOB, COCTOSIIYIO U3 CJIEIYIONIX OA30BbIX TUIIOB ABTOMATOB:

e ('S, MopeupyIoOmuil IJIAHUPOBIIMK SIPA;

e TS, MozempyIomuil IIAHUPOBIIUK pa3Jieia;
e T, Mozenupytomuii GpyHKIMOHAILHYIO 3a1a4y;
e [, mojenupytormuii Bupryaabhblii kKanaa (BK).

CTpyKTypa mpeIoyKeHHO 0000IIEeHHON ceTn aBTOMATOB IPUBEIeHa Ha PUCYHKE 2.

® as
& :L"JCS'
Y
d; }‘JTS”
T R w
(‘_{’J :?.'JT”k .—_' \ ~ . :_5" :.:_JTEll:--:
e C{ :?.'JLh

Puc. 2. CtpykTypa mnpejiokeHHoil 0000IIEeHHON CeTH aBTOMAaTOB
Fig. 2. The proposed general stopwatch automata network structure

[TosHOE OlIMCAHKE TIEPEUUC/IeHHBIX 6A30BBIX TUIIOB U ceTH IpusejieHo B [2]. aee Gy-
JyT pacCMaTpUBaTbCd BpPEMEHHbIE JIMarpaMMBbl CeTeil aBTOMAaTOB, IPEeJICTABJAIONINE CO-
60it HabOPBI COOBITHI CUHXPOHU3AIIMH, TIO3TOMY YKayKeM KaHaJIbl CHHXPOHU3AIUU, BXO-
Jgmpe B nHTepdEichl IepevIncIeHHbIX 6A30BBIX TUIIOB ABTOMATOB (J1aJjiee II0J| TUIIOM
OyJ/ieM TIOHUMATh THUIT AaBTOMATOB):
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® cxec, preempt — KaHAJbI JIjId B3auMojielicTBus 6a30BbIxX TutioB 1’ u T'S, cuHxXpo-
HU3AIUS 110 KOTOPBIM MOJIEJIUPYET COOTBETCTBEHHO TTOCTAHOBKY Pa0OTHI 33/1a4U Ha,
BBITIOJIHEHUE W €€ BBITECHEHUE; KaXK/IbIil aBTOMAaT, peaJn3yromuiit 6a3oBbrit Tumn 1,
MCIOJIB3YET COOCTBEHHBIE KaHAJBI erec U preempt; aBTOMAT, peaJn3yIonuii 6a3o-
BBt Tuil TS, NCMIOJIB3YET MO N TAKUX KAHAJIOB, TJIe 1 — KOJIMYEeCTBO 33/1a49 pas3jielia,
IJIAHUPOBIIUK KOTOPOI'0 MOJEJIUPYETCHA 3TUM aBTOMAaTOM;

e ready, finished — KanaJbl 11 B3auMoieiicTBus 6a30BbIX TunoB 1" u TS, cuaXpo-
HUBAINS 110 KOTOPBIM MOJIEJIUPYET COOTBETCTBEHHO NOTOBHOCTH K 3AITyCKY U 3aBEP-
IeHre paboThl HEKOTOPOI 3aJa9r pas3jiesa; aBToMaT, Peaau3yonuil 6a30BbIi THII
TS, ucriob3yeT 10 oJHOMY KaHasy ready u finished; Bce aBTOMATHI, pean3yio-
e 6a30BbIf THIT T ¥ MOJIEMPYIOIINE 33JIa91 OJIHOTO PasJelia, UCTIOIb3YIOT OJIHH
U TOT 2Ke KaHaJl ready W OJIMH U TOT 2Ke KaHaJ finished;

e wakeup, sleep — KaHaJbl I B3auMoieiicTBust 6a30BbIX TuoB 1S u C'S, cuaxpo-
HuU3anud 110 KOTOPbIM MOAEJIHUPYET COOTBETCTBEHHO OTKPBLITHUE M 3aKPBITHUC OKHa
HEKOTOPOI'O pa3esa; KaxKIblii aBTOMAT, PeaJn3yomuii 6a308blii Tu 1.5, UCIoIb-
3yeT cobCTBeHHBbIe KaHa bl wakeup n finished; aBTomar, peaausyoomunii 6a30BbIi
tun C'S, UCHOIB3yeT 10 N TAKUX KAHAJIOB, IJIe N — KOJMYECTBO Pa3JieIOB BbIYUNC-
JINTEJIBHOTO siJipa, IJIAHHPOBIIUK KOTOPOI'O MOJIEHUPYETCS STHM aBTOMATOM;

e send, receive — KaHaJbl JIJIsT B3aUMOJIEHCTBUsT 0a30BbIX TUIOB 1’ n L, CUHXPOHU-
3alisl 110 KOTOPBIM MOJIE/IMPYEeT COOTBETCTBEHHO OTIIPABKY U IIPHEM COODIIEHUS;
KaxkJIOMy aBTOMaTy, peajusyroliemMy 0a30Bblii Tl 1', COOTBETCTBYET II0 OJIHOMY
KaHaly send W receive; IPH 3TOM HECKOJILKO aBTOMATOB, PEAJTUIYIONIUX 0a30BbIi
T L, MOTYT HUCIIOJIB30BATH OJWH M TOT Ke KaHaJl send wWin receive (Tak MO-
JIeJIIPYeTCs OTIpPaBKa M IOJydeHne paboToi 3aadn COODIIEHUH 110 HECKOJIbKIM
BUPTYATHHBIM KaHAJIAM ).

[IepBbIM 13 coaBTOpPOB OBbLIA pa3padoTaHa IMapaMeTPU30BaHHAas CETh aBTOMATOB, CO-
JieprKalas peaan3alni MePeInucIeHHBIX 0a30BbIX TUIIOB. DTHU PeaTu3aIlui PeICTaBIs-
10T OO0 MOJIE/TH TIJIAHUPOBIIUKA 71pa, (DYHKIIMOHAJILHOMN 38191 1 BUPTYAJIHLHOIO KaHa-
Jla, a TaKKe MOJIeJIN TpeX JacTo ucrnosb3yeMbix B MBC PB mianupoBiukoB pasesios:
¢ (PUKCUPOBAHHBIMU IPUOPUTETAMHU U BbITeCHeHUEM [4|, ¢ bUKCHPOBAHHBIM TIPHOpPUTE-
Tamu 0e3 BbITeCHeHUs [5], TuiaHmpoBIUK, paboratornmit o amropurmy EDF [6]. Oxna
U3 MoJIeJiell TUIAHMPOBINMUKOB pa3jiesia npusejeHa Ha pucyske 1. Takke B [2| mpuseaen
npemtoxkeHabii A. [morunoit asropurm moctpoenunss monesn MBC PB ¢ kornkperHOIi
KoH(uUryparmeii Ha OCHOBE IapaMeTPU30BAHHONW MOJIE/IA 110 ONUCAHUIO KOH(MUTYPAIIUH.
[Tokazano, 9TO JIjIs 3a/laHHBIX TTapaMeTPU30BAHHONW MOJIEIN U KOHMUTYypaIluu MO
MBC PB crpourcst ogH03HAIHO.

Kpowme Toro, B [2| onucan paspaboTaHHBIN MEPBBIM aBTOPOM aJITOPUTM OJHO3HATHO-
ro nocrpoerns Bl MBC PB nmo Bl ee momenn: u3 B Momenn BRIOMparOTCsT COOBITHS
CUHXPOHU3AIINY 10 KaHajaM exec, preempt u finished, n KayKJI0My U3 BBIOPAHHBIX COOBI-
THil 0/IHO3HAYHO cTaBuTca B coorBercTBHe coObiTre B/l MBC PB. Tun cobsitua B B/I
MBC PB (mocranoBka Ha BBIIOJIHEHUE, BBITECHEHUE WJIM 3aBepIieHne pabOThl) OIpe-
JIeJISIeTCST KAHAJIOM CUHXPOHU3AIINN, UICHTU(MUKATOP PAOOTHI-UCTOUYHUKA — ABTOMATOM-
YYIACTHUKOM CUHXPDOHU3AINHU, BPeMEeHHAasT METKa — MOJIE/IbHBIM BPEMEHEM.
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[Monyuennag B/l MBC PB ucnosb3yercs jjist mpoBepKu KpPUTEPUs JIOMYCTUMOCTU
KOH(UTYpAIUNU: 3HALA JIJI HEKOTOPOil PabOThI BpeMEHHbIE METKHU €€ TTOCTAaHOBOK Ha BbI-
MOJTHEHUE, BBITECHEHHWE W 3aBepIIeHue, MOXKHO OIpPEJIE/IUTh CyMMapHOEe BpeMs €€ BbI-
MIOJTHEHNsI Ha BBIYUCIUTENHHOM sjipe. Ecam 1y KaxKioil paboThl 3TO BpeMs PaBHO 3a-
JIAHHOMY B KOH(MUTYpaInu BpeMEHU BBIIOJIHEHUS pabOThI Ha siJIpe MPOIeccopa COOTBET-
CTBYIOIIErO THUIA, TO KoHbUryparus JoimyctuMa. VHade, ecau Jijisi HEKOTOPOil pabOThI
CyMMapHOe BpeMs BBINOJIHEHUS Ha s/pe MEHbIe YKa3aHHOrO B KOH(MUTYPAIUH, TO pa-
6oTa OblL1a CHATA C dJipa M0 TPUYNHE JIOCTUXKEHUA I'PAHUIIbl JIMPEKTUBHOTO WHTEPBAJIA,
U, CJIeJIOBATETHHO, KOH(MUTYpAIUs HEIOIYCTUMA.

2. KoppeKTHOCTb ITPOBEPKU JOMYCTUMOCTH

kKoHdurypamnuiit MBC PB

N3 pasnpena 1 ciemyer, 9TO Jijig NPOBEPKH JIOIYCTUMOCTA HEKOTOPOI KOHMUTyparmn
JIOCTATOYHO NOJTyunTh coorBeTcTBYyIoNIyIo eit B/l MBC PB na unrepsase mranupoBaHus.
CinetoBarebHO, 11t 000CHOBAHMS KOPPEKTHOCTU MPOBEPKH JIOMYCTUMOCTH JIOCTATOYHO
000CHOBATH KOPPEKTHOCTH IMOJIyYaeMbIX COIVIacHO mpejyiozkennomy meroay BJI MBC
PB.

[Ipn npoexktupoannn MBC PB orcyrcrByer BO3MOXKHOCTD IKCIEPUMEHTATBHOTO
cpasaenus B/l momy4yaeMbIx mpu porone moJeneit, ¢ B/l dyHKmonnpoBanus 1e1eBbIX
cucreM. [losTomy KoppekTHOCTH BCero Kjacca B/l momydaeMbIx corsiacHo ImpeJijiozKeH-
HOMY METOJIY, HEOOXOIUMO J0Ka3aTh (hpopMajIbHO.

Beenem nonsitust koppekraoctu Mojesir MBC PB u koppektrnoctu B/ momein MBC
PB. Crnenndukarun u cranmaprst Ha MBC PB comepxxkar psit TpeboBaHmit KOPPEKTHOCTH
K dyHKImoHnpoBanuio cucrembl. B/l moseneit comep:KkaT coObITHS, COOTBETCTBYIONINE
cobbiTusiM, mpoucxoisdinmuM B MBC PB. 13 crenndukarmuit MBC PB ¢ apxurexkTypoii
UMA [4,7] namu 6butn BbIeeHbl TpeboBanusi, TpuMennmbie K B/l mozmesneit, To ecrsb
IIpEJICTAaBUMbIE B BUJIe OI'DAHMYEHUN Ha TOPAJIOK MPOUCXOJIAIINX B MOJEIAX COOBITUI
U Ha JTUTE/IbHOCTb WHTEPBAJIOB MeXK 1y HUMU. Kpome Toro, ObLIM BBIJIEIECHBI TPUMEHU-
Mble K B/l moesteit TpeboBanus JeTEpMUHUPOBAHHOCTH, OCHOBaHHbBIE Ha, CHEIN(DUKAIINAX
MBC PB wu, kak npasuio, UCHOJIb3YIOIIKECs] Ha Tale MPOEKTUPOBaHUsl (HAIpUMED, B
paborax [8-11]). IIpumepsl TpeboBanuii npuBeeHbl HUXKe, B pasiaenax 2.1.2. u 2.2. B]]
mozgen MBC PB gpisiercss KOppeKTHOI, eciin i Hee BBIIOJHEHbI BCE BbIJIE/IeHHbIE
tpeboBanus. Mojess MBC PB Oynem cuntath KOppeKTHOI, ecin Bce BO3MOXKHBIE ee B /]
KoppeKTHbI. Jlatee 1o TpeboBanmeM K Mojean OyaeM rnmoHuMaTh TpeboBanue kK ee B/I.
Taxum obpaszom, mojessb MBC PB koppekTHa, eciti OHa yJIOBJIETBOPSIET BCEM BbIJIC/ICH-
HBIM TpeOOBaHUAM, TO ecTh Jijid BeeX ee B/l Bce BbliesieHHbIe TPEOOBAHUS BBITOTHSIIOTCS.

Hanomuanwm, aro mogens MBC PB ¢ 3aiannoit Kondurypariueit CTpouTcsi aBTOMATH-
YeCKU 110 OMUCAHUIO 3TOM KOH(MUTYypaIun, Ha OCHOBE IMapaMeTPU30BAHHON CETH aBTOMa-
TOB, peaymsyiorieit 0bobmennyo Moaeass MBC PB. ObocHoBanmne KOppeKTHOCTH BCEX
MoOJIeJIell, CHHTE3UPYEMbBIX COTJIACHO MPEJJIOKEHHOMY MEeTO/LY, BBIIIOJHAETCS CIIETYIOIIIM
obpazom. st kaxk10oro 6a30BOro THIIA aBTOMAaTa, (POPMUPYIOIIET0 00ODIIEHHYIO MOJIE/Ib
MBC PB (10 ecthb BxOjIsiIIero B cocras 3Toii Mojesn), Ha ocHoBe crerdukanuiit MBC
PB [4,7,12] Beensiercss Habop TpeboBaHMil, KOTOPBIM JIOJXKHBI Y/IOBJIETBOPATH BCE Mapa-
MEeTPU30BAHHBbIE aBTOMATHI, peau3yIoniue JaHHbIil 0a30BbIil TUIll. /lajee jokasbiBaeTcs,
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YTO €CJIN JIJI BCEX MapaMeTPU30BAHHBIX aBTOMATOB, (POPMUPYIONINX TapaMeTPU30BaH-
uyto mojeb MBC PB, Bemosiasitorcss TpeboBanust, copMyInpOBAHHBIE IS COOTBET-
cTByomux 0a30BBIX TUIIOB, TO Hapamerpu3oBannas mojeas MBC PB yrosrersopsier
BCEM BBIJIEJIEHHBIM TPeOOBAHUAM KOPPEKTHOCTU K MOJENH B IIEJIOM, & TaKKe SBJISIeTCS
JlerepMuHUpOBaHHOil. [lof 1eTepMUHIPOBAHHOCTHIO TAPAMETPU30BAHHON MOJIEIN TIOHU-
MaeTCs TO, 9TO €€ FK3EMILIAPY, [IOCTPOCHHOMY JIJIst 3a/[aHHO KOH(MUTYPAIUN, OTHO3ZHA-
no coorBercTByeT BJI. /leTepMUHUPOBAHHOCTH MOJIE/IH TIO3BOJISIET MCIOJIH30BATD JII00O0E
BBIYHUCJICHUE CETU aBTOMATOB Jijisi mocTpoenus B/I.

Takum 0O6pa3oM, IMOcje BBITIOJHEHNs yKA3aHHBIX JOKA3aTETbCTB JJII 0OOOCHOBAHUS
KoppekTHOCTH B/I HEKOTOPOIT ITapaMeTpU30BaHHOM CeTH aBTOMATOB, PEATU3YIOINIE mpe/I-
JIOZKEHHYTIO 0OOOIEHHYIO CeTh, JIOCTATOYHO MIPOBEPUTH BBINOJIHEHNE TpeboBaHMi K (hop-
MUPYIOIIUM €€ apaMeTpu30BaHHbIM aBToMaTaM. [IpoBepka BbIo/iHeHUsT TpebOBaHU K
apaMeTpU30BaHHLIM aBTOMAaTaM MOXKET OBITh ITPOBEJICHA ABTOMATHYECKU C ITOMOIIIHIO
sepudukaropa UPPAAL [13]. /s Bcex mOCTPOEHHBIX ABTOMATOB TaKasl TPOBEpPKa ObLIa
BBITTOJTHEHA. UTOOBI Ipy 100aBJIeHNN B MMapaMeTPU30BaHHYIO MOJIeJIb HOBOI'O aBTOMAaTa
Bce ee B/l ocTaBa/inch KOPPEKTHBIMHE, JIOCTATOYHO YO UThCA (C UCHOIb30BAHUEM BEpH-
dbukaropa), uro Bce TpebOBaHUS K COOTBETCTBYIOIIEMY 0A30BOMY THUILYy aBTOMATA JIJIsI
JIAHHOT'O aBTOMAaTa BBITIOJIHAIOTCS.

2.1. IIpoBepka BbITIOJTHEHUS TPeOOBAHUIT K MOJEJIsIM
komnoaenToB MBC PB

st Kaxk10r0 6a30BOI0 THIIA KOMIIOHEHTa, KOTOPOMY COOTBETCTBYET 06Q30BbI THUII aBTO-
MaToB, ObLI BbIeNIeH psi TpeboBanuit. st Toro urobnl sobas momens MBC PB, mo-
CTPOEHHAs COTJIACHO MPEJIJIO?KEHHOMY METO/LY, ObLjIa KOPPEKTHO, TpedyeTcsi, 4ToObI Bee
BXOJIAINNE B Hee HapaMeTPU30BAHHBIE aBTOMATHI YJ/IOBJIETBOPSIN TPeOOBAHUSIM, BBIJIE-
JIEHHBIM JIjIsI COOTBETCTBYIOIEro 6a30Boro Tumia. Kpome Toro, /s KaxKJ0ro KOHKPETHOTO
THIIa KOMIIOHEHTa MOTYT OBbITh C(HOPMYJIUPOBAHbBI JIOMOJHATEIbHBIE TPeOOBAHUSI, KOTO-
PBIM JIOJIZKHBI YJIOBJIETBOPSATH IapaMeTPU30BaHHBIE aBTOMATHI, MOJIE/IMPYIONIIE STOT TUII
KOMITOHEHTA.

2.1.1. Iloaxoxa Ha ocHOBe aBTOMAaTOB-HabJIIOZaTe /el K BepuduKanum
napaMeTpru30BaHHBIX aBTOMATOB

Brerienennbie TpeboBaHus K MapaMeTPU30BAHHBIM aBTOMATAM IIPEJICTAB/IAIOT cOOOI orpa-
HUYEHHUS Ha MOC/Ie0BATEIbHOCTH COOBITHI CHHXPOHU3AIMI U HA WHTEPBAJIBI MEXKTy HU-
M. [TosToMy Jijist TpOBEPKM WX BBITTOJIHEHNS ObLT BHIOpAH MOXO0/1 HA OCHOBE aBTOMATOB-
nabsnoziaresieit (observer automata) [14]. Ouuinem KpaTko 3TOT MOAXO.

JL1st mIpoBepKU HEKOTOPOTO TpeboBaHms K MapaMeTPpU30BaHHOMY aBTOMATY CTPOUTCS
CeTb aBTOMATOB, COCTOSAIIASA U3 JTAHHOIO aBTOMATa M aBTOMaTa-HabIoaaTe 1. ABTOMAaT-
Ha0J/II0IaTe b IPeJICTaBIsIeT co0Ooil aBTOMAT, UMEIONIIi nHTepdelic A1 B3anMoaeiicTBIA
¢ UCXOJTHBIM aBTOMaTOM. BO Beex JioKalusx aBroMara-HaOII0daTe s aKTUBHDI 11€PEX0/IbI
C NEHCTBUAMU CUHXPOHU3AINU, IMAPHBIMU KO BCEM BO3MOXKHBIM JNEHCTBUAM CUHXPOHU-
3allU MCXOIHOTO aBToMaTa. ABTOMAT-HAO/II0ATE/b NMEET HEKOTOPYIO «ILIOXYIO» JIOKa-
M0, TAKYIO YUTO JII00Asd He YJIOBJIETBOPLAIONAA TPEOOBAHUIO MOC/IEI0BATEILHOCTL CHH-
XPOHU3AIMI rapaHTUPOBAHHO ITPUBOJIUT aBTOMAT-HAOJIIONATE/b B «ILJIOXYIO» JIOKAIUIO.
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Taxum o6pazom, ITPOBEPKA BBIIOJTHEHUS TPEOOBAHUS CBOJIUTCS K IIPOBEPKE HEJIOCTUKU-
MOCTH 3TON «ILTIOXOi» Jokaruu. OTMeTnM, 9TO B O0IEM ciyvae 3a/a9a IPOBEPKH JIOCTHU-
JKUMOCTH B CETSAX ABTOMATOB ¢ OCTAHOBKOII TaliMepOB aJITOPUTMUYIECKN HepaspenmMa |3,
onuako B [15] n [16] mokasaHo, 4TO JIJIs YACTHOTO CJIydast, COOTBETCTBYIOIIEIO PACCMAT-
PUBAEMbIM B JIAHHOM paboTe MOJE/IAM (JIeTePMUHIPOBAHHOCTD [LJIAHUPOBITUKOB, UCIOJIb-
30BaHUE 3apaHee M3BECTHBIX OIEHOK BPEMEHU BBIOJHEHUS PA0OT U BPEMEHU Iepeiadn
coobrenuit ), ara npobema paspermma. Kpome Toro, mpu ucio/ib30BaHnu BepuhuKaTO-
pa UPPAAL rapantupyercs [17], aro mporecc Bepudukanuu 3aepiinaercst Beerja (Bos-
MOXKHO, C HEOIPEJeJIeHHbIM Pe3yIbTaToM). TakuM 06pa3oM, 3aBepiierie BeprubuKaIim
C PEe3YIBTATOM <«ILJIOXas JIOKAINS HeJOCTUZKHUMay TOBOPUT O BBINOJHEHUN TPeOOBAHMSA,
3aBepiienre BepuUKaIiul ¢ pe3yaIbTaTOM <ILIOXas JIOKAIWS JIOCTUYKUMa» — O HEBbI-
oJiHeHUn TpeDOBAHUS, 3aBepiiieHne BepuUKAIUN ¢ HEOIPEICJIeHHBIM PE3YIbTATOM —
O TOM, YTO MOJIeJIb HE MOXKET OBITh HCIOJIb30BaHA, TaK KAaK HET ITOJTBEPKICHUS BbI-
MOJTHEHUS JIJId Hee TpeDOBaHMs KOpPeKTHOCTHU. B cirydae 3aBepiiienusi BepuUKAIIU C
HeOIIpe/IeJIEHHBIM Pe3yJIbTaTOM, TapaMeTPU30BAHHbBIN aBTOMAT HEOOXOINMO ITEPECTPOUTD
Tax, 9To0bl pe3ysbrar Bepudukaruu 66u1 onpeesen. Cornacho [15] u [16], g pacemar-
puBaemoro kjacca MBC PB rtakoe nepectpoenne BO3MOXKHO.

[TapamerpuszoBaHHBIl aBTOMAT JOJIZKEH Y/IOBJIETBOPITH TPEOOBAHUSAM KOPPEKTHOCTU
IIPU BCEX BOBMOXKHBIX 3HAUYCHUAX CBOUX mapamMeTpoB. [losTomy B aBTrOMaTe-Hab/I01aTE IE
MIPOUCXO/IUT HEeJIeTePMUHUPOBAHHAS WHUITHAJIN3AIS TapaMeTPOB UCXOTHOTO aBTOMATA,
1, TaKUM 00pa3oM, nMpu BepudUKAIUN PACCMATPUBAIOTCS BCe BO3MOYKHbIE 3HAUEHUS ITa-
paMeTpOB U3 MHOYKECTBa JOIyCTUMBIX 3HadYeHuiit. Kcu xoTs Obl /iy 0JIHOTO HAOOpa 3Ha-
YeHUIl TTapaMeTpPOB «ILJIOXasy JIOKAIUs JIOCTUXKUMA, TO UCXOJHBIA ABTOMAT CUUTACTCS
HEKOPPEKTHBIM.

Kpome Toro, Ha mopsiiok coObITHIT B MCXOJHOM aBTOMAaTe MOTYT BJIASITH 3HATCHUS
[IepEMEHHBIX, N3MEHsIEMbIX JIDYITHMHU aBToMaTaMu (MHOYKECTBO T€PEMEHHbIX [IJIsi B3av-
MOJIEICTBUSA C JIDYTUMU aBTOMAaTaMU OIIPeJieisieTcsd NHTepdeicoOM COOTBETCTBYIOIIETO
6azoBoro Tuna apromara). [losTomy B aBrOMaTe-HAbIIIOIATETIE TIPOUCXOIUT HEJETEPMU-
HUPOBAHHOE N3MEHEHUE 3HAYEHUN TAKUX IMepeMeHHbIX. Feym xoTs Obl Jijist OJ[HOM Toc/Ie-
JIOBATEJIbHOCTH 3HAYEHUN MMEPEMEHHBIX <«IIJI0Xasty JIOKAIWs JIOCTUXKUMa, TO UCXOJIHBIN
ABTOMAT CINTAETCS HEKOPPEKTHBIM.

2.1.2. IIpoBepka TpeboBaHUlI KOPPEKTHOCTA K MO/IEJIIM KOMIIOHEHTOB

MBC PB

PaccmoTpuM mpuMep TOCTpoeHusT aBTOMAaTa-HaOJII0IaTe s JIJIsi TPOBEPKH BBIMTOTHEHUS
[IPUBEJIEHHOTO HUKe TPeOOBaHU K ITapaMeTPU30BaHHBIM aBTOMATAM, PEAJIU3YIONuM Oa-
30BbIi THIr T'S («ITAHUPOBIMUK pasjenay ). OUH U3 TAaKUX HapaMeTPU30BAHHBIX aBTO-
MaTOB, MOJICJTUPYIONIUI TIJIAHUPOBIIUK ¢ (PUKCUPOBAHHBIMEU ITPUOPUTETAMU U BBITECHE-
HIEeM, M300parkeH Ha pucyHKe 1.

1. Ilaanuposwuk pasdeaa moscem nocmasums pabomy Ha 6biNOAHEHUE MOALKO 6
PAMKAT OKHG 29M020 pa3denq.

[Tepedopmysiupyem 3T0 TpeboBaHUEe B T€PMUHAX CUHXPOHU3AIUN C yIACTHEM aBTO-
MaTa, MOJEJUPYIONIEro MIAHUPOBIIUK pasjesia. OKHaMu pa3jelia siBJIAI0TCA THTEPBAJIbI
MEXKJTy CHHXPOHM3aIUAME 110 KaHajaMm wakeup u sleep. IlocranoBke Ha BBIOJIHEHHE
paboThI i-if 3a/1a9n COOTBETCTBYET CUHXPOHU3AIM 110 KaHaty exec|i]. Takum obpasom,
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CHHXPOHU3AIINN 110 KaHAJIaM erec|i] JOKHBI MPOUCKOAUTH TOJIBKO MEXK/Y CHHXPOHH-
zalusgMu 110 KaHajaMm wakeup u sleep. IlociemoBarelbHOCTH CUHXPOHU3AIUI, yI0BIE-
TBOPAIOININE JTAHHOMY TPEeOOBAHUIO, MPEJICTABIAIOT COOON IUKINIECKHA TTOBTOPAIONIUECS
IOCJIETOBATETHEHOCTH BUJIA!

1) HekoTopoe (BO3MOXKHO, HYJIEBOE) KOJIMIECTBO CHHXPOHU3AIUI 110 JTI0OBIM KaHAIAM,
kpome wakeup u execli] (cobbITHsI BHE OKHA pa3/Ie/ia);

2) cuHXpoHHU3aNuUs 10 KaHary wakeup (OTKpbITHE OKHA);

3) Hekoropoe (BO3ZMOXKHO, HYJIEBOE) KOJUYECTBO CUHXPOHU3AIUI 110 JIIOOBIM KaHAIaM
(B TOM umciie, BO3MOXKHO, exec|i]), kpome sleep (COOBITHsI BHYTPH OKHA);

4) cuHXpOHM3AIUS 10 KaHaJIy sleep (3aKpbITHE OKHA).

O/ivH 1UKJT COOTBETCTBYET OJIHOMY OKHY Pas3jiefa.
Jliobast 1oC/Ie10BATEILHOCTh CUHXPOHU3AINN € yJacTUEeM MOJIC/IN ILIAHUPOBIIIKA,
pasjena, /i KOTOpOoil HapyIraeTcsd TpeboBaHue 1, nMmeeT BUIT:

1) HekoTopoe (BO3MOXKHO, HYJIEBOE) KOJMYECTBO MOC/IEI0BATEILHOCTE BUjIa, OIUCAH-
HOTO BbIIIe (KOPpEKTHasi 0TpaboTKa HECKOJBKIUX OKOH);

2) HekoTOpoe (BO3MOXKHO, HYJIEBOE) KOJMIECTBO CHHXPOHU3AIINI 110 JIFOOBIM KaHAJIAM,
kpome wakeup n execli] (cOOBITHsI BHE OUEPEHOIO OKHA);

3) CHHXPOHHU3AIMS 10 KaHasty exec[i| (mocTaHOBKa HEKOTOPOi pabOTh Ha BBITOJIHEHHE
BHE OYEPEJIHOrO OKHA);

ABTomaT-nabsronaTes b g MPOBepKN C¢hOPMYIUPOBAHHOIO TPEOOBAHUS TPUBEICH
Ha PUCYHKe 3.

[Ipu nepexoyax mexty Jyiokaruamu Initl—Init5 mTpoucxonuT HeleTEPMUHIPOBAHHAS
MHUIIA/IA3AIMS TaPAMeTPOB aBTOMaTa: BhIOUPAEeTCs KOJIMIECTBO 33/1a9 (COIJIACHO CTaH-
mapry ARINC 653 [4], pasnen He MoxeT cojep:kaTh 6osiee 64 3asat), 71 KazK 10 3a-
Jadn BeIOUpaeTcst npropuTeT (YHUKAJIBHOCTH TPHOpUTETa obecrednBaeTcst (byHKIed
check _prio) u npaBasi TpaHHIa JUPEKTHBHOIO WHTepBasa (JieBas IPaHUIA He UCHOJb-
3yercs B MOJIEJISX TUIAHUPOBINUKOB). Ecym jyist Bepudunupyemoro napaMeTpu3oBaHHOTO
aBTOMATa M3BECTHO, UYTO B €0 CUCTEME MEPEXOJI0B KAKUEe-TO U3 ITapaMeTPOB HE UCIOJIb-
3YIOTCS, TO COOTBETCTBYIONIUI 3Tall WHUIMAIU3AINN I1€JIeCO00PA3HO MPOIMYCTUTD JIJIs
yCKOpeHnus nocjeaytorieit Bepudukarmu. Hanpumep, paspadorannast mepBbIM 3 COABTO-
POB MO/IEJTb IAHUPOBINUKA ¢ (PUKCUPOBAHHBIMU ITPUOPUTETAME HE UCIIOIb3YeT IPAHUIIBI
JIMPEKTUBHBIX WHTEPBAJIOB 33J1a4 (3a MPUHYIUTE]LHOE 3aBepIIeHre OM03/aBIIuX paboT
OTBEYAIOT MOJE/IH 3aJ1a4), & MOJIe/Ib [JIAHUPOBINUKA, paboratomiero mo crparerun EDF,
HE HUCIIOJIb3YeT IIPUOPUTETHI.

[Tomumo sokanmit Initl-Inith, B aBroMaTe-HAOJIOJATE/E TTPUCYTCTBYIOT JIOKAITUT
Inactive n Active, cooTBETCTBYIOINE HEAKTUBHOMY (BHE OKOH pa3Jiesia) U aKTHBHOMY
(BHYTpH OKOH) COCTOSIHHSIM ILJIAHUPOBIIHMKA, & TaKxKe «Iioxasy Jokanuad ERROR. U3
nokanuit Inactive u Active uMeroTCs EPEXOJIbl IO BCEM ONPEJIETIEHHBIM TSI 6a30BOTO
turta 1'S jefictBusim cuaxpoHusaiuu. Takxke nnrepdeiic 6azoBoro tuna 1'S copepxKut
Habop mepemenubix is_readyli]. Ilostomy u3 joxammit Inactive u Active mmerorcst 1re-
PexXoJIbl ¢ HEJIETEPMUHUPOBAHHBIM N3MEHEHUEeM 9THX IepeMeHHbIX. [lepexor 3 jokammm
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Init1 Init2 Init3 Init4

@ N int [1, MAX TASKS MNUM] @ i < data.numOfTasks ) pric: int [1, MAX_TASKS_MUM] c
data.numOfTasks = n = check_priolprio]

nits data taskslil.prio = prio

((':‘\ d: int[1, MAX PERIOD]
=i+1 & datataskslil.deadline=d

N int[0, MAX TASKS MUM-1]
n< data.numOfTasks
preemptlnl?

i == data.numOfTasks

n: intlo, MAX TASKES MUM-1],

fiint{0,1]

n< data.numOfTasks
is_ready[n]=f

has_ready_jobl)

I

ready: n: int0, MAX_TASKS NUM-1]

n< data.numOfTasks
exac[n]?

m Nt 0,MAK TASKES MNUR-1],
frintlo,1]

is_readyln]=f

n< data.numOfTasks

ERROR

wakeup!

n: intl0, MAX TASKS MUM-1]
n < data.numofTasks

preemptin]?
n: Nt o, MAX_TASKS_NUM-1]
n< data.numOfTasks

wakeup! exec[n]?
P has_ready_job()

readhy!

Puc. 3. Ilpumep aBromara-nabiioareis
Fig. 3. An observer automaton example

Inactive B nokanuio Active oCyIecTBIIsIeTCs IPU BBITIOJTHEHNN CUHXPOHW3AINH 10 Ka-
HaJIy wakeup, w3 jgokanun Active B jokanuio Inactive — Npu BBIIOJIHEHIN CHHXPOHU-
3alyy 1o KaHauy sleep. Eciau Tekyimeii jokanumeil sipyisiercss Active U MpOUCXOIUT CHH-
XpoHU3alngd N0 KaHaJry exec[z’], TO TeKylleil Jiokamueil ocraercss Active. Eciu rexyieit
JOKaIweil sBiserca [nactive W IMPOUCXOMNT CHHXPOHU3AIMS 110 KaHAJIY exec[i|, To 310
COOTBETCTBYET ONMUCAHHON BBINE HEKOPPEKTHON TTOCIE/I0BATE/IHbHOCTH CUHXPOHUBAIUN 1,
cJIeJI0BaTe/IbHO, BBINOJIHAETCH nepexol B Jokaimio FRROR.

JLnst KazK 101t u3 pa3paboTaHHBIX MOJIE/Iel TIJIAHUPOBIIUKOB pasiesa Oblia IOCTPOeHA
CeTh aBTOMATOB, COCTOSAIIAs U3 JAHHOW MOJIeH (TO eCTh MapaMeTPU30BAHHOTO aBTOMa-
Ta) U ONUCAHHOTO aBTOMaTa-Habonaress. /s Becex Mojieseil IaHnPOBIMKA pa3/ieia
JIJIS TIPOBEPKH CPOPMYTUPOBAHHOTO TPEOOBAHUS UCIIOJIb3YETCs OJIUH U TOT K€ aBTOMAT-
HabJIfo/[aTe b, TaK KaK 3TOMY TPEOOBAHUIO JIOJIZKHBI YIOBJIETBOPSITH BCEe peasn3anun Oa-
zoBoro tura 1'S. C nomompio Bepudukaropa UPPAAL 6bu10 j0Ka3aHO, 9TO JIOKAIHS
ERROR BO Bcex MOCTPOEHHBIX CETAX aBTOMATOB HEIOCTUYKIIMA.

Huke ipuBesien psi TpeboBaHuil K peainsaiiusiM 0a30BbIX THIIOB 0OOOIIEHHONW MO/1e-
JIM U UCHOJIB3YIONINXCA B JaJbHeHImX paccyKaeHusx. s Bcex paspaboTaHHBIX Iapa-
METPHU30BAHHBIX aBTOMATOB BBITIOJTHEHIE COOTBETCTBYIOMNX TPpeOOBaHMT OBLIO J0Ka3aHO
COTJIACHO OITMCAHHOMY BBIIIE METOJLY.

TpeboBanus K peanusarusaMm 6azoBoro Tuna 1S («ILJIAHUPOBIIUK pasjiesas ):

2. Jlnst pUKCUpoOBaHHOIO COCTOSIHUASA OYePEe/I NOTOBBIX pabOT BHIOOP pabOTHI JJIst I10-
CTAHOBKM Ha BBITIOJTHEHHE OCYIIECTBIISIETCS OJIHO3HATHO.

3. Eciim B HEKOTOPBIIT MOMEHT BpeMeHU JIAHHBINA Pa3/ie/l aKTUBEH U ITOSB/ISA€TCH OJTHA,
HOBasi TOTOBasi paboTa, TO IJIAHUPOBIIUK 00padaThIBaeT 9T0 COObITHE MI'HOBEHHO.
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4. Ec/in B HEKOTOPBI MOMEHT BpeMeH! JaHHbBIN pa3/ie/l aKTUBEH U MMOSB/IsIeTCsT HOBasI
roTroBasi paboTa, TO BBIOOD, JOJI2KHA, JI OHA ObITH IIOCTaBJIEHA HA BBIIIOJIHEHUE, OCYIIECTB-
JISIETCST OJTHO3HATHO.

5. CoOBITUST OTKPBITHS U 3aKPBITHsT OKOH TIJIAHUPOBIUK 00pabaThiBaeT MIHOBEHHO.

6. [LraHUPOBIMMK MOXKET MOCTABUTH Ha BBHIIOJHEHNE TOJIHKO TOTOBYIO paboTy.

7. Pabora MoxKeT OBITH ITOCTaBJIEHA Ha BBIIOJHEHNE TOJIHBKO BCJIEICTBHE CJIEIYIOMINX
COOBITHI: OTKPBITHE OKHA Pa3/Ie/ia, HOIBJIeHNEe HOBOI rOTOBOI paboThl, 3aBEPIIeHIE HEKO-
Topoii paborwl. IIpn 5TOM mMOCTaHOBKA HA BBIINOJHEHNE IIPOUCXOJIUT MIHOBEHHO.

8. Ecoim oTKpbIBaeTCcst OKHO pasjiesia U 0vepe/ib TOTOBBIX paboT pasjesia He ImycTa, TO
Ha BBITTOJTHEHIE MTHOBEHHO CTAaBUTCA HEKOTOpPasi HoBas paboTa.

9. Eciin 3aBepmmiach HeKoTOpasi paboTa pasjesia, odepe/ib TOTOBLIX paboT pasjesa
He IIyCTa U B JJAHHBII MOMEHT He IIPOMCXOINT 3aKPhITHE OKHA, pa3/esa, TO Ha BIIOTHEHIe
MI'HOBEHHO CTaBUTCA HEKOTOPasi HOBas paboTa.

10. Jlrobasi paboTa MoOxKeT OBITh BbITECHEHA TOJILKO B JBYX CJydasix: JIMOO IIPHU 3a-
KPBITUH OKHA JAHHOIO pasjesa, JIMOO IIPH MMOSBIEHUN HOBOI TOTOBOI pabOTHI.

11. Ecin B HEKOTOPBIIT MOMEHT BpeMeHH Ha BBIUUC/INTEJE BBIOJHAETCS paboTa pas-
JleJia W TOsIBJIIeTCSl HOBasi OTOBasi paboTa, KOTopas J0JKHA ObITh MOCTAB/IE€HA Ha BbI-
[IOJIHEHKE, TO TeKyIasd paboTa MIHOBEHHO BBITECHSIETCS.

12. Ec/tn B HEKOTOPBIIT MOMEHT BpEMEHH Ha, BEIUUCIATEIE BBIIOJIHIETCS paboTa pasie-
JIa U TIPOUCXO/IAT 3aKPBITUE TEKYIIEro OKHA ITOr0 pas3/iesa, TO JaHHas paboTa MITHOBEHHO
BBITECHSIETCsI JINOO 3aBEPIIAETCS.

TpeboBanus K peanusaiusam 6azosoro Tuia T («byHKIMOHATBHAS 381298 ):

1. Jlrobas pabora MOXKeT OBITH ITOCTABJ/IEHA HA BBIIIOJTHEHUE, TOJIBKO €CJIU OHA SIBJIS-
eTcsi TOTOBOM M IUIAHUPOBINKUK pas3jiesia 06 3TOM OIOBEIIEH.

2. Ouepennast paboTa 3a/1a9i CTAHOBUTCS MOTOBOi, KaK TOJIBKO CTAHOBATCS BBIIIOJI-
HEHHBIMH JIBA YCJIOBHSI: MOJEIbHOE BPEMS JOCTUTAET JIEBOM I'PAHUIIBI JUPEKTHBHOIO MH-
TepBaJia; TMOJIYUeHbl COODINEHNsT OT BCEX COOTBETCTBYIOMUX paboT-oTmpasuTeseil (ecin
3a/1a9a 3aBUCHT 110 JIAHHBIM OT JIPYTUX 3a7a4).

3. Kaxxmas pabora 3a1a49n TOIKHA 3aBEPIIUTHCS, JIUOO KOIa BPeMsl €€ BLIIIOJIHEHUsT
Ha BuraucsmreabHoM sape gocturaer WCET, nmubo npu JocTvzKeHnn npaBoii MpaHmilbl
CBOETO JIMPEKTUBHOIO HHTEpBaJja. Pabora He MOXKET 3aBePIIUThCSA, €CJIM HU OJIHO U3 STUX
JIByX YCJIOBHUII HE BBIIIOJIHEHO.

4. Ecian 3amada mMeeT BBIXOJIHBIE JaHHBIE, TO KaxKIasd ee paboTa JHOJIKHA I0CIaTh
COOOITeHNsT Yepe3 BCe BBIXOJHBIE BUPTYyaJbHbIE KaHAJBI CTPONO B MOMEHT 3aBEPIEHHS
paboThI IIPU YCJIOBUH 3aBEPIINeHUs] He I03/IHee IPaBOil 'PaHMIbI CBOErO JIWPEKTHBHOIO
HHTEpBaJA.

5. Ouepennas paboTa 3aa4did MOKET OBITH IIOCTABJIEHA Ha BBIIOJHEHHE TOJBKO B
paMKax CBOEro JIWPEKTUBHOIO MHTEpBAJIA.

TpeboBanus K peanuzaiusam 6azosoro Tuia C'S («IIAHUPOBIIUK Ipay ):

1. JIxs s10b0oro OKHa BepHO, 9TO IJIAHUPOBIIUK s/Ipa OTOBENIAeT IJIAHMPOBIINK Pas-
JieJ1a, COOTBETCTBYIOIIErO JTaHHOMY OKHY, 00 OTKPBITUN U 3aKPBITHH OKHA CTPOrO B MO-
MEHTBI, OIIPE/IeJIEHHbIE B PACIIMCAHIH.

TpeboBanus K peannsaiusam 6a30Boro Tuia L («BUPTyaJbHBIH KaHAT ):

1. BajepxkKa Ha Tepeiady COODIEeHns Yepe3 BUPTYaIbHbIN KaHa I CTPOTO paBHA 3HA-
YEHUIO, YKA3aHHOMY B KOH(UTYPAIUNA CUCTEMBI.
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2. Jlnsa jiioboro cooOIeHns BEPHO, YTO TMOJIYUATEIb OMOBEIIACTCA O €ro MOJIyIeHUN
POBHO OJIMH Pa3, B MOMEHT OKOHYAHWS ITepPe/Iadu.

[ToMuMO TIpUBEJIEHHBIX BBIIIE TPEOOBAHUI, TaKKe OBLIO JTOKA3aHO BBIIOJTHEHUE T10-
psKa JlecaTn TpeboBaHMIT K peamn3annusaM 6a30BbIX TUIIOB aBTOMAaTOB.

Kpome TpeboBanmii, KOTOPBIM JIOJIZKHBI YJIOBJIETBOPATH BCE PEAJIMIAIINN COOTBETCTBY-
101X 0A30BLIX TUIIOB aBTOMATOB, CYIIECTBYIOT TpeOOBaHusl, CreludUuIHbIe /s OTIe/ b
HBIX [IAPAMETPU30BAHHBIX ABTOMATOB (TO €CTh MOJIe/iefi KOHKPETHBIX TUIIOB KOMIIOHEHTOB
MBC PB). B kadectBe npumepa 0JHOTO M3 TaKuX TPeOGOBAHUIA K MapaMeTPU30BAHHBIM
aBTOMaTaM IPUBEJIEM CJeayioliee TpeOOBaHNe K MOJEIN IIJIAHUPOBINKA ¢ (DUKCHPOBaH-
HBIMU TTPUOPUTETAMU U BHITECHEHHEM:

Ha svinoanenue eceeda cmasumes paboma ¢ MaKCUMGALHBIM NPUOPUMEMOM.

Jlannoe TpeboBaHme CreUMUYIHO JJId TOM pean3aluu IJIaHIPOBIIUKA Pa3JIe/Ia.

Ha ocnose TpeboBanmii k konkperabiM Tuiiam kKommoneaTos MBC PB aBropamu 6611
cchopmyupoBaH psj TpeboBaHMIT, CIIEUMUIHBIX 7T PeaTn30BaHHbIX TapaMeTPU30BaH-
HBIX aBTOMATOB. VX BbINIO/THEHIE OBLIO JIOKA3aHO C UCIIOJIHL30BAHUEM TI0JIX0/1a aBTOMATOB-
nabmogareseit. [Ipu Brinodenun B Mmojens MBC PB nosb3oBaresibekux mapaMerpuso-
BaHHBIX aBTOMATOB K HUM TaKxKe MOT'YT ObITb C(OPMYIUPOBAHBI JOMOJTHUTEIbHBIE TPe-
OoBaHUs, TPOBEPKA BBHITIOJTHEHUS KOTOPBIX OCYIIECTBIAETCH aHAJOTUIHO.

Ormernm, 91O TpeOOBaHWS MTHOBEHHOCTH PEAKIMUA Ha HEKOTOPBbIE COOBITUS MOYKHO
3aMEHHUTh Ha TPeOOBaHUs PEaKIMU HA COOTBETCTBYIOIINE COOBITHS C (PUKCUPOBAHHOIM
zaJsiepxkkoit. Hampumep, TpeboBanne 3 K MOe/N IJIAHUPOBIIUKA MOXKHO 3aMEHUTH Ha
caegyiomee: «FKcam B HEKOTOPBITT MOMEHT BpeMEHU JIAHHBIN pa3jes aKTUBEH U TOsIBJId-
eTcs OJIHA HOBas roToBasi paboTa, TO IJIAHUPOBIIUK oOpabarbiBaeT 3TO cobbiThe 3a [N
TaKTOB, TJie 3HadYeHne N 3aJaH0 B KoHurypamnuns. OqHako B O0IbIINHCTBE paboT, Ha-
npumep B [8-11], nanHoil 3a71ep:KKoil MpeHeOperaoT, Tak Kak pabOThl OJHOTO pa3jiesa
BBITIOJTHSIOTCS B OOITIEM aJIPECHOM IIPOCTPAHCTBE W BeJIMYMHA 3aJepPKKN Maja. Kpowme
TOr0, MOJIE/Ib TPEJIOIAraeT, YTO MeXKIy OKHAMU Pa3/e0B MOTYT ObITb WHTEPBAJIbI, HE
NpUHA/JIEZKAIIIE HUKAKUM pa3/esiaM, II09TOMY TaKNUe MHTEPBAJIbI MOT'YT UCIIOTb30BATHLCS
JIJIS MOJIEJIMPOBAHUS 33/€PXKEK, HEOOXOIUMBIX JIJIsd ITePEKJII0UEHNsT KOHTEKCTa Pa3/IeoB
U MHUIHAIU3AIAA OKOH.

2.2. KoppekTHOCTh MOJEeJIN B IEJI0M

[Tomumo TpeboBanmit KOPPEKTHOCTU K MOJIEIIM OT/ebHbix KoMonenTos MBC PB cy-
ecTBYIOT U TpeboBaHus KoppekTHocTH K Mojiesiu MBC PB B niestom. [Iposeputs BbImmos-
HEHUe 3TUX TpeOOBaHUI aBTOMATHU3MPOBAHHO C ITOMOINBIO Bepu(UKATOPa HEBO3MOMKHO,
TaK Kak B OOIIEeM cJIydae HEM3BECTHO KOJIMIECTBO aBTOMATOB B IapaMeTPU30BAHHONI ce-
TH aBTOMATOB, U 3aja4a BepudUKaiuu ajropurMudecku nepaspemunma [18]. Tlosromy
BBINIOJTHEHNE TaKuX TPeOOBaHMil OBLIO JJOKA3aHO HAMU IIYTEM CTPOTUX JIOTUYECKUX Pac-
CY2KJIeHUIT HA OCHOBE MH(MOPMAIINU O CTPYKTYPE MOJIE/N, & TAKXKE HA OCHOBE BBITIOTHEHUST
TpeboBanuii K MoaensM kommornerToB MBC PB.

[IpuBenem npumMep J0Ka3aTeIbCTBA BBIMOTHEHUS CJIELYIOMEr0 TpeOOBaHNUS:

1. /laa ao0bvix dsyx 3adavy 6epro, wmo ecau odna 3adava 3a6ucum no 0aHHbLM OMm,
OpYy20ti, MO BPEMA HAYANL BHINOAHEHUS KaAHCIOT PabomyL 3a004U-NONYUAMENS OGHHBLT
HE MEHLUWE BPEMEHU 3ABEPULEHUSA COOMBEMCMBYIOWET Pabomovl 3a0a4U-0MmnPasuUMmens
QAHHBLT NAIOC BPEMSA NEPedayt aHHBLT.
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JlokazaTebCTBO BBLINIOJIHEHUS JAHHOTO TPEOOBAHUsI OCHOBAHO HA BBLIMOJIHEHUU TPE-
OoBanmit K peasmsarusaM 6a30BbiX THIOB L u T'. VI3 Bhimosimenus tpeboBaHus 2 K MO-
JIeJIM 33Ja491 CJIEJIyeT, YTO BpeMsd Hadasia BBIIOJHEHUS OYepeIHON PabOThl HE MEHbIIE
BPEMEHH MOy YeHNs COOOIIEHNsT OT COOTBETCTBYIONIEl pabOThI-oTIpaBuTes. V3 BoIIo-
Henus TpeboBanus 1 K MOJIE/IM BUPTYAJIHHOIO KaHaJa CJIEJyeT, YTO BPeMs IOJTyYeHUs
COOOITeHNsT PABHO BPEMEHH €ro OTIPABKU ILIIOC 3HAYEHUE 3aJIePXKKH, YKA3AHHOE B KOH-
duryparnuu. 3 Boimonnenus tpeboBanug 4 K MOJETN 33Jla9 CJIEIYeT, YTO OTIPAaBKa
cOODIIEeHNs TPOUCXOUT CTPOrO B MOMEHT 3aBepIIeHns PA0OTHI OTIPABUTENA. TakuM 00-
pa3oM, M3 BBITOJTHEHUS IePednCIeHHbIX TPeOOBAHMIT K MOJIEIIM KOMIIOHEHTOB CJIETyeT
BBITIOJTHEHNE YKA3aHHOTO TPEOOBAHMS K MOJIETN B II€JIOM.

[IpuBesnem ere HeCKOJIBKO TPeOOBAHUIT K MOJE/H B IIEIOM:

2. Jlng i060ro sijipa CUCTEMBbI BEPHO, UTO B KaXKJIblii MOMEHT BPEMEHU Ha HEM BbI-
noJiHsieTcst He 0oJiee OJTHON PabOTHI.

Jloka3aTeIbCTBO BBINOJHEHUS JIAHHOTO TpeDOBAaHMS OCHOBAHO HA BLIIIOJTHEHUU TpE-
boBanmii K peauzanuam 60a30Bbix Tuos C'S u T'S.

JlokazaTebCTBO BBIMOTHEHUS CJIELYIONUX JIBYX TPEOOBAHUIT OCHOBAHO HA CTPYKTYPe
MOJIEJIA B TIEJIOM, & UMEHHO Ha WH(MOPMAIUU O IIPUOPUTETaX KAHAJIOB CHUHXPOHUBAIINH.

3. B MoMeHT 3aKkphITHS OKHa paboTa HE MOXKET OBbITh IIOCTaBJIEHA Ha, BBITIOJTHEHUE.

4. FEcim MOMEHT 3aKpbITUS OKHA pa3jesa COBIAJAeT ¢ MOMEHTOM 3aBepINeHUs Bbl-
MIOJTHATOIIENCSA Ha BBIYMCIUTETHLHOM sJipe PabOThI, TO CHaYasIa MIPOUCXOIUT 3aBepIIeHIe
paboThI, & 3aTeM 3aKPBITUE OKHA, TO €CTh 3aBePIIeHrne PAOOTHI He IEPEHOCUTCS Ha, HAYaJI0
CJIEJIYIONIEr0 OKHA JIAHHOTO PA3JIeIa.

Hamu Ob1710 JT0Ka3aHO BBITIOJIHEHHE €11le ceMU TPeOOBaHUN K MOJIE/IH B TIEJIOM, TTOMUMO
[IEPEYNC/ICHHBIX BBIIIIE.

2.3. JleTepMUWHUPOBAHHOCTH MO/IEJIA

Haszosem momesns MBC PB ¢ 3ajannoii kouduryparmii (To €cTh 9K3eMILISID CETH aB-
TOMATOB) JIETEPMUHUPOBAHHOI, €CJI TOMY 9K3EMILISIPDY CeTH aBTOMATOB OJIHO3ZHAYHO
coorBercTByeT ee B/I. JlokarkeM JeTepMUHUPOBAHHOCTb MOJIEU OT IIPOTUBHOTO.

[TpesronoKumM, 9T0 MOJIE/Ib HE SIBJISIETCS JeTEePMUHUPOBAHHON, TO €CTh JIJIS 9K3€M-
IJIApa CETH aBTOMATOB, COOTBETCTBYIOIIEH HEKOTOPON KOH(MUIYpaIuu, MOr'yT ObITh IO-
Jydenbl jiBe pasabie Bl Yiopsiiounm cobbitus 3tux aByx B/l o Bpemenn. Tak kKak co-
OBITHs B CHCTEME MOT'YT IIPOUCXOIUTH OJIHOBPEMEHHO, TO OJHOMY 3HAUYEHHUIO MOIEIBHOIO
BPEMEHU COOTBETCTBYET HEKOTOPOE MHOXKEeCTBO coObITHil. [IycTh t; — HamMeHbIIee 3Hate-
HIe MO/JIeJTbHOI'O BpeMeHeM, KoTopoMy B JiByX B/l coorBeTcTBYIOT pas3indHbie MHOXKECTBA
COOBITHUIT. DTO O3HATALT, ITO KAK MUHUMYM OJTHO COOBITHE CHHXPOHUBAINN TPUCY TCTBYET
B MHOKECTBE COOBITHIA JIjisl 3TOr0 3HadeHust Bpemern ojuoit B/L (6ymem cuurars s1y B/
[EepPBOil) M OTCYTCTBYET B COOTBETCTBYIOIIEM MHOYKECTBe JIpyTroii (Oyaem canrars sty BJL
BTODOIi).

PaccmoTpuM Bce BO3MOXKHBIE BAPUAHTHI KAHAJIOB JIAHHOM CHHXPOHU3AINY (/I KpaT-
KOCTH JlaJjiee 1oJI «coObITreM X » OyJeM IMOHUMAaTh COOBITHE CUHXPOHU3AIUU 110 KaHATY
X). IMokazkem, 4To JijIst KaxKJI0r0 KaHaJa [IPeJIoJI0KeHe He BEPHO, TO €CTh €CJIn CODbI-
THE CHHXPOHMU3AIUN 110 KaHAJIY MPUCYTCTBYeT B nepBoii B/I, To oHO npucyTcTBYeT U BO
BTopoit B/I.

1. wakeup; wim sleep;. I3 BeinosHenus TpeboBaHUA O K MOJEIAM IIaHUPOBIIUKOB



188

Modeauposanue u anaausd ungopmavyuornoz cucmem. T.25 Ne2 (2018)
Modeling and Analysis of Information Systems. Vol. 25, No2 (2018)

pasjiesia u TpeboBaHus 1 K MOJIE/IsIM IJIAHUPOBIIUKOB SJ/Ipa CJACIYET, YTO TOJIYI€H-
uble B/l cooTBeTCTBYIOT KOH(MUTYpAIUAM, PA3TMIAIONINMCA PACITUCAHUIMU OKOH
JUIS SIpa, j-TO pasjesia. ITO NpoTuBopeduT Tomy, ato B/l siBisitorcst pe3ysibraTom
BBIIIOJTHEHNST OTHON M TOM K€ MOJIEJIN.

2. finished;. Bo3MOXKHBI JBa BapuaHTa:

e coryiacHo nepsoii B/l Hekoropast paboTa BBINOJIHAIACH HA BBITUCIUTETHHOM
sanpe posno WCET emaunur; Bpemenn; j1o momenTa t; B/l coBajaroT, mosto-
My #3 oTcyTcTBug BO BTOpoit BJI cobwbitusa finished; ciemyer, 1To pabora
BBIIOJIHSAIACH Ha BhIaucanTeabHoM giape 6oaee WCET enunaui BpemeHu, 9To
MIPOTUBOPEYHUT TPEOOBAHUIO 3 K MOJIE/IN 3a/a4N;

e coryiacHo repBoit BJI jiyts HekoTopoit paboThbl B MOMEHT t; HACTYIIHIA [IPaBas
IPaHUIA JUPEKTUBHOI'O NHTEPBAJIA; 3HAYEHNE 9TON I'PAHUIIBI 3aBUCHT TOJIHKO
0T HOMepa PabOThl U XAPAKTEPUCTUK COOTBETCTBYIOIIEH 3a/1a4uu, [TO9TOMY U
coryiacHo Bropoit B/l MomenT ¢; gBiisieTcsa mpaBoil rpaHUIEll TUPEKTUBHOTO
nHTEpBaJja Toil ke paboThl; OJHAKO, coryiacHo BTopoit B/I, B MomeHnT ¢; 3Ta
paboTa He 3aBepINAeTCsI, YTO MPOTHBOPEUNT TPEOOBAHUIO 3 K MOJIE/N 33/ IaTH.

3. send;. I3 Bommosnnenns TpeboBanusd 4 K MOJIeJIN 3a/1a4H CIeLyeT, 9To B mepBoit B/

B MOMEHT t; IPUCYTCTBYeT cobbiTue finished, u t; He TPEBBIIIAET TPABOI IPAHUIIHI
JIMPEKTUBHOTO WHTEPBaJjIa 3aBepiuBIeiics paboTsl. 13 paccyK jennii mpeibLTyie-
ro IYHKTa CJIEJIYeT, 9T0 cobbiThe finished npucyrcTByer u Bo Bropoii B/I ¢ Takoit
ke BpeMenHoit metkoii. CirejioBaTesibuo, corsiacHo Bropoit B/I, mapyireno Tpebo-
BaHue 4 K MOJIe/IN 3a/1a4H, TIO9TOMY JIAHHBII BAPUAHT HE BO3MOYKEH.

receive;. I3 namuuus gannoro cooulTus B nepsoit B/I u Bbinosnenns TpebosaHmit
1 u 2 x mozesmn j-ro BK caenyer, uro B nepsoit B/l npucyrcrsyer cobbitue send;
C BpeMeHHO# MeTKoii t; — dj, re d; — 3ajlep:KKa Ha Iepe/iady COOOIIeHHd depes
j-it BK. Bo3moxkubl j1Ba BapuaHTa:

e d; > 0; cienoBaTesbHO, cOObITHE send; MpucyTcTByeT U Bo BTOpoit BJI, Tak
Kak JI0 MoMeHTa t; B/l coBmasaror; orcyTcTBIE COOBITHS Teceive; B MOMEHT
t; B TaKOM CJIydae TOBOPUT O HEBBIOJHEHUN TpeboBanmii 1 mmubo 2 K Mojenn
BupTyasbHoro BK, mosTromy jmaHHbI BapuaHT HEBO3MOMKEH;

e d; = 0; ecm cobuiTue send; npucyTcTByeT u Bo BTopoit B/l B MomeHT ;, TO
9TO CBUJIETE/ILCTBYET O HEBBINOJHEHNH TpeboBanuii 1 mbo 2 K momesm BK
(amasormano Bapuanty d; > 0), 9TO HEBO3MOXKHO; CJIEI0BATEILHO, COOBITHE
send; He IpUCyTCTBYeT BO BTOpoil B/, HO 9TO IpoTuBOpeYnT paccyzKIeHuAM
[IPEIBLIYIIEro MyHKTa U IOITOMY HEBO3MOXKHO.

5. ready;. CobblTHE COOTBETCTBYET TOMY, UTO HEKOTOpasg paboTa cTaja IOTOBOH K

BBITIOJIHEHHIO coryiacHo epBoit BJI. VI3 BeimoiHenns: TpeboBaHus 2 K MOJEIN 3,14~
YU CJIEJIYEeT, UTO t; He MEHbIIEe JIEBOI I'PAaHUIIbI JJUPEKTUBHOIO MHTEPBaJIa PabOThHI
n B nepsoit B/l mpucyTcTByIoT coObITHS Treceivey,, ..., Teceivey, ¢ BPEMEHHBIMH
MeTKaMu, He Oosbiumu t;. N3 coBmajsienus BJI j10 MomenTa t; u paccyKjieHuit
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HPEJIBLIIYIIEro IIyHKTa CJIEJyeT, YTO BCE ITU COOBITUS T'eCeiVey,, ..., TeCEiVey, TPU-
CyTCTBYIOT Takzke u Bo Bropoit B/I. Takum obpazom, orcyrcTue Bo BTopoit B/ B
MOMEHT ; coObITHUS ready; CBUIETEILCTBYET O HapyIlleHnn TpeboBanus 2 K MOJIeIN
3aJ1a9M U TIO9TOMY HEBO3MOZKHO.

6. execj. CobbITHE COOTBETCTBYET TOMY, YTO HEKOTOpasd paboTa IOCTaBjIeHa Ha BbI-
nosiHenne. V3 BeimosiHeHns TpeboBaHust 3 K MOJE/IH B IEJIOM CJIELYyeT, 9To t; He
ABJIAETCA MOMEHTOM 3aKPbITHA OKHa pa3elia. I/I3 BbBITIOJIHEHU A Tpe6OBaHI/IH 6 K
MOJIe/IA TIIAHUPOBIIUKA, pasjiesia u TpeboBaHUsl 5 K MOJIEIN 3aJ[a9H CJIeIYeT, ITO
JlaHHag paboTa roToBa U t; IPUHAJJIEXKHUT ee JIMPEeKTUBHOMY uHTepBaJsy. V3 coBna-
nennst B/ 1o MoMeHTa t; M U3 pacCyKIeHUN MPeIbIAYIIero MyHKTa CJIeIyeT, ITO
corstacHo obenm BJI Ha MOMeHT f; ecTh KaK MHHHMYM OJHa ToToBag pabora. 13
BBITIOJIHEHHST TPeOOBaHUs 7 K MOJIE/H IIAHUPOBIIUKA pa3esa CaeayeT, 9TO UMeeT
MeCTO OJIMH M3 TpeX BapUaHTOB:

e B niepBoit B/l B Moment t; mpucyrcrByeT cobbiTue wakeupy. I3 paccyxiennii
nynkTa 1 ciemyer, uro Bo BTOopoit B/l Takke mpucyTcTByeT 3TO cOOBITHE C
TakKol Ke BpeMeHHOU MeTKoii. V3 BbInoiHeHUs TpeboBaHWilt 2 U 8 K MOJie-
JIN TIJIAHUPOBIIMKA CJIEJyeT, 9TO B MOMeHT t; Bo BTopoit B/l nmpucyrcrByer
COOBITHE execj, YTO IPOTUBOPEIUT BBEJCHHOMY IIPEIIOJI0XKEHUIO;

e B niepnoit B/l B moment t; npucyrcrByer cobbitue finishedy. U3 paccyxie-
HUIT TIyHKTa 2 cjeayer, 4To Bo Bropoit B/l Takyke mpucyTcTByeT 3T0 COOBITHE
¢ TakKoi Ke BpeMeHHOI MeTKoil. /I3 BhimosiHenusa TpedboBanmit 2 u 9 K Mojie-
JIN TJIAHUPOBIIMKA CJIEJyeT, 9TO B MOMeHT t; Bo BTopoit B/l mpucyrcrByer
COOBITHE execj, YTO NPOTUBOPEIUT BBEJEHHOMY IIPEJIIOJI0XKEHHIO;

e B niepoit B/l B MomenT ¢; npucyrctyer coobiTue readyy. VI3 paccyxmennii
IyHKTa D cJemyeT, 4To Bo BTopoit B/l Takke mpucyTcTByeT 3TO cOOBITHE C
Takol Ke BpeMeHHOU MeTkoi. V3 BbImosiHeHUs TpeboBanmit 2 m 4 K Mojie-
JIM TJTAHUPOBIIUKA CJIEJyeT, UTO B MOMEHT t; Bo BTopoit BJI mpucyrcrByer
COOBITHE execj, YTO IPOTUBOPEIUT BBEJEHHOMY IIPeJIIOJI0XKEHUIO;

7. preempt;. CobbITHE COOTBETCTBYET BHITECHEHNIO C BBIYHCINTEILHOTO f/Ipa HEKOTO-
poit pabotsl. Corstacuo TpedboBanusam 10, 11 u 12 K MoJie/IH IIAHUPOBIIIKA, Pa3/iesia
UMeeT MECTO OJIMH U3 JIBYX BapUaHTOB:

e B nepgoit B/l B MomenT ¢; npucyrcrByer coobiTue sleepy. CoriacHo paccyxk-
JlenusiM 1myHkTa 1, Bo Bropoit B/l Takxke npucyrcrByer cobbiTue sleepy ¢ Toit
2Ke BpeMeHHO# MeTkoil. 3 Bbimosinenns TpeboBaHus 3 K MOJIEIU B IIEJIOM
CJIeJIyeT, 4To coObITHE exec;, IPe/ecTByIoniee preempt;, IMeeT BPeMEeHHYIO
MEeTKy, CTporo MenbIyio t;. IlosTomy cobbiTe exec; IpucyTCTBYeT U BO BTO-
poit B/I. Cnenosaresbo, coracHo TpeboBaHuio 12 K MoJie/n IJIAaHIPOBIINKA
pasjiesia, B MOMeHT t; Bo Bropoit B/l umeercsa cobbiTue preempt;, 9To NIpuBO-
JIUT K IPOTUBOPEYHIO.

e B mnepsoit B/l B moment t; npucyrcrByer cobbitue ready. CoriacHo pac-
CYXKJIEHUSM TIYHKTa 5, 9TO Ke COOBbITHE MPUCYTCTBYeT u Bo BTopoit B/I. I3
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BBITIOJTHEHUST TpeboBaumit 4 u 7 K MOJIE/N IJIAHUPOBIIUKA pa3jeia CJAeIyeT,
110 BO BTOpoit B/l B MOMEHT ¢; IpUCYTCTBYET COOBITHE €xecy. DTO Ke COObI-
THe pucyTcTByeT u B epBoiit B/L (eMm. mpepiayuii myHKT). 113 coBnaeHust
Bl no momenta t; cieayer, uto corjiacHo obeum BJI Ha jJJaHHOM BBIYMC/IH-
TeJIBHOM sIJIPe BBIOJIHAETCA OJiHa U Ta Ke pabdoTa. [losToMy u3 BbINTOIHEHNS
TpeboBaHus 11 K Mojenn IJIAHKPOBIIUKA cjeayer, 9To Bo Bropoit B/I, kax
U B IEPBOH, JOJKHO IPHUCYTCTBOBATE COOBITUE Preempt;, ITO IPOTHBOPEUIHT
[IPEJIIOJIOKEHUIO.

Takum obpaszom, JI0Ka3aHO OT MPOTUBHOI'O, YTO MPEIIOJIOXKEHUE O CYIIECTBOBAHUU JIBYX
pas3mmyHbix B/l, cOOTBETCTBYIOMMX OJIHOMY 3K3eMILISIPY PacCMaTPUBAEMON CETU aBTO-
MaToB, JoyKHO. CJ1e/I0BaTe/IbHO, MPEJICTABICHHAS B BUJE ITOW CETU MOJEC/b SIBJISICTCS
JEeTEePMUHUPOBAHHOM.

SaKJII0YeHue

B pabote mpe ytozxken moaxo s K obocHoBanuio Koppektaoctu mozesneit MBC PB, cumre-
3UPYEeMBIX Ha OCHOBE 0DOOIIEHHON MOJIEH, BBEJEHHON MEPBbIM U3 COaBTOPOB B [2|. BbI-
OpaHHBIN JII MOJICTUPOBAHUSA MaTeMaTUIeCKHil armmapaTr ceTeil BpeMeHHBIX aBTOMATOB
¢ OCTaHOBKOI TaiiMepOB IO3BOJISIET IIPOBEPUTH C MOMOIIBIO BepuuKaTOpa BBIITOJTHEHNE
psijia TpebOBaHMT KOPPEKTHOCTU K ITapaMeTPU30BaHHBIM aBTOMATaM, MOJIEIHPYIOIIM
OTJIeJIbHbIE KOMIIOHEHTBI CUCTeMbl. [[jisi pazpaboTaHHBIX MapaMeTPpU30BAHHBIX aBTOMa-
TOB TaKas IIPOBEepKa ObLIa BhITTOTHEHA. [locpeIcTBOM CTPOTUX JIOTHIECKIX PACCY XK ICHUIA,
OCHOBAHHBIX Ha BBITOJHEHNN TpeboBaHuil K Mojensm komrnoneaToB MBC PB, a takke
Ha MHMOPMAIUU O CTPYKTYPE MOJIEJIN CUCTEMbBI B IIEJIOM, JIOKA3aHO BBIIIOJIHEHUE PsIa
TpeboBaHuit KoppekTHocTH K MojeasiM MBC PB, nmoctpoeHHbIX coryracHO IpeioKeHHO-
My METOJIY, & TAKXKe UX JeTePMUHUPOBAHHOCTDH. C IMOMOIIBIO JJAHHOTO MOJIX0/a JTI0KA3aHA
KOPPEKTHOCTH BCEX MOJesIeil, CHHTe3UPYEMbIX C UCIOIb30BAaHUEM Pa3pabOTaHHbIX ITapa-
MEeTPU30BAHHBIX aBTOMATOB, Mojenmpyonux kKommounenTel MBC PB. Takxke mokasano,
YTO JIJI COXPAHEHUsS KOPPEKTHOCTH U JIETEPMUHUPOBAHHOCTH MapaMeTPU30BaAHHON MO-
nen MBC PB nipu Br/todueHun B Heé MOJIB30BATEIbCKON MOJI€/IT KOMIIOHEHTa CUCTEMbI
JIOCTATOYHO IIPOBEPUTH BBITIOJIHEHNE TPEOOBAHMIT KOPPEKTHOCTH K JI00aBISIEMOIT MOIEIN
KOMITOHEHTA. DTa IIPOBEPKA MTPOU3BOIUTCS aBTOMATUYECKHU C MCIIOJIb30BAHIEM Bepudu-
KaTopa.

[IpenozkeHHble METOJIBI U CPEJICTBA PEAJM30BAHBI IPOI'PAMMHO, MHTEIPUPOBAHBI €
CATIP mnanuposanus seraucieruit B MBC PB [8] u ycnenno anpo6upoBatbl Ha TAHHBIX,
OJIM3KUX K peasibHbIM. Pe3y/ibTarTsl SKCIEepUMEHTOB [PUBEJIEHBL B [2].

OTrmeTnM, 9TO TPEJJIOKEHHBII TO/IX0/T K IIOCTPOCHUIO MOJIeIeil U I0Ka3aTe/IbCTBY UX
KOPPEKTHOCTU MOXKET OBITH MCIIOJIb30BAH JIJIT MOJICTUPOBAHNUS BBIUUC/IUTEIBHBIX CUCTEM
JIpyTuX THUMOB (HampuMep, ¢ (elepaTUBHON apXUTEKTYPOil), UTO SABJISETCS OJHUM U3
BO3MOKHBIX HAIIPABJICHUN JIAJIbHENININX UCCIECTOBAHUN.
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Abstract. In this paper, we consider a schedulability analysis problem for real-time modular
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their deadlines. The authors propose a stopwatch automata-based general model of RT MCS operation.
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can be built automatically using the general model. A system operation trace, which is necessary for
checking the schedulability criterion, can be obtained from the corresponding NSA trace. The paper
substantiates the correctness of the proposed approach. A set of correctness requirements to models
of system components and to the whole system model were derived from RT MCS specifications. The
authors proved that if all models of system components satisfy the corresponding requirements, the
whole system model built according to the proposed approach satisfies its correctness requirements
and is deterministic (i.e. for a given configuration a trace generated by the corresponding model run is
uniquely determined). The model determinism implies that any model run can be used for schedulability
analysis. This fact is crucial for the approach efficiency, as the number of possible model runs grows
exponentially with the number of jobs in a system. Correctness requirements to models of system
components models can be checked automatically by a verifier using observer automata approach. The
authors proved by using UPPAAL verifier that all the developed models of system components satisfy
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CpaBHHTEIHLHBI aHAJIN3 YCTOIINBOCTH
BBIYUC/IUTEIbHBIX PEIIeTOK C Pa3JIMIHOM
APXUTEKTYPOil y3Jia K WHIYIIMPOBAHHBIM TYIIMKAM

IMTmenésa T. P.

noayywena 3 cenmabpa 2017

Awnunoramus. PaccmarpuBarorcs kiaccudukanus u 00/IaCTH MPUMEHEHNUsT METOJOB KOMMY TAIluH,
X IOCTOMHCTBA M Hemocrarku. [locTpoena Mojesb BBIYUCIUTENLHON pemeTku B (DOpMe pPaCKpaIleH-
Hoit cetu Ilerpu ¢ y3510M, peayn3yIoNM CKBO3HYIO KOMMYTAIIAIO ITakeToB. Mojeas cocTouT U3 y3J10B
KOMMYTAIUU [TAKETOB, PEHEPATOPOB TpadUKa U IIyIIeK, KOTOpble (hOPMUPYIOT 3JI0HAMEPEHHBIH TPahUK,
3aMACKUPOBAHHBIIN 110/ OOBIYHBIN MMOJIB30BATEILCKUI Tpaduk. VccienoBanbl XapaKTepUCTUKT MOJIETH
PEeIeTKHU B YCJIOBUAX pabodeil HATPY3KHU € PA3INIHON MHTEHCUBHOCTHIO. OIIEHEHO BJIMSIHUE 3JI0HAMEPEH-
HOrO Tpaduka THUIA <«IydJb TpadHuKay Ha MapaMeTpbl KadecTBa OOCTy:KuBaHuUs pemreTku. [Iposemaen
CPABHUTEJIbHBINA aHAJIN3 YCTONYMBOCTH BBIYUCIUTEIBHBIX PEIIETOK C Y3JIaMH, PEAJH3YIONUMU TEeXHO-
JIOTHIO TIepe/ilaul IIaKeTOB ¢ 0bsi3aTesibHOM Oydepusalueil, © CKBO3HONW KoMMyTanuu. [lokaszaHo, 4TO
[IPOM3BO/IUTEILHOCTH PEIeTOK TPUMEPHO OJINHAKOBBI B YCJIOBUsIX pabodeil HArPY3KU; & B YCJIOBUSIX IH-
KOBOW HAarpy3KHd PEIeTKa C y3JI0M, PeaJu3yIOINM TEXHOJOTUO MMEePEIadn MaKeTOB C IPUHYINTETbHON
Oydepusarueii, 6osee ycroitunpa. Permerka ¢ y3mamu, peanusyonmuvu Texuaosornio SAF, mpuxogur k
[IOJTHOMY TYIHKY Yepe3 JIONOJHUTEIbHYIO Harpy3ky menee deM 10 mpomentos. Ilocie meranbaoro mc-
CJIeJIOBAHUS IIOKA3aHO, YTO KOHMUrypalus <«Iy3Jb Tpaduka» He OKa3bIBAE€T BJIUSHUS HA PEIIETKY C
y3aamu cut-through npu yBesmyenun pabodeil HArpY3KH J0 ITUKOBOIA, IPU KOTOPOU PeNIeTKa MPUXOIUT
K MOJTHOMY TynuKy. llepuognanocTs 3aIycka Imyinek, reHepupyoInX 3JI0HaMEePEHHbBI Tpaduk, ompee-
JIeHa CJTyJaitHoil byHKIINEl ¢ MyaCCOHOBCKUM pacipeieseHneM. st mocTpoenust Moiesieit 1 n3MepeHuit
XapaKTePUCTUK HCIoyb3yercss Mojesmpyiorias cucremMa CPN Tools. TIponssoauTe bHOCTD pEIeTKH 1
cpejiHee BpeMsl JJOCTaBKU IIAKETa OIEHUBAETCS [IPU PA3JIMYHBIX BapUAHTAX HAIDY3KU HA PEIIETKY.

KuroueBble cioBa: 6e30IIaCHOCTH BBIYUCIICHUS Ha, PEIIETKAX, CKBO3HAT KOMMYTAIIN, 3aITUTa TPOTUB
atak Tpaduka, OIEeHKa ITPOU3BOJIUTEIHLHOCTH, pacKpalleHHas cerhb llerpu, Tynuk

asa nurupoBanus: [1Imenépa T. P., "CpaBHUTE/bHBINA aHAIU3 YCTONYNBOCTH BBIYUCIUTEIBHBIX PEIIETOK C PA3JIMIHON
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BBenenue

Cern BBIYHCIUTEILHBIX pecypcoB |1] nim Berauciuresnbube pemerku (Grid Computing)
perraoT mpobdJIeMbl, CBA3AHHbIE ¢ MHTEHCUBHBIMHU BLIMUCJICHUSIMEU, 00PabOTKOI cymep-
OOJIBINX MACCUBOB JIAHHBIX, YTO TPEOYEeT UCIIOIH30BaAHNS PA3HOPO/IHBIX U CBEPXCKOPOCT-
HBIX pecypcoB. He mocsegnee MecTo B 9T0# cUCTEMe 3aHUMAIOT yCTPOMCTBA Iepeatin
JAHHBIX [2]: KOMMYTATOPBI U MapIIpyTU3aTOpPbl. Jljisi HOBBIIEHNST TIPON3BOANTETbHOCTI
pereTkn U CTabuIbHOCTH (DYyHKITMOHUPOBAHUST CTAHOBUTCS aKTyaJbHBIM BBIOOD METOJA
KOMMYTAIUU akeToB |2,3] B ycrpoiicTBax mnepeiadu JIaHHbIX.

Panee Ob1in u3ydens! mapamMeTpbl KadecTBa 00C/IyKUBaHUS 1 9D (PEKTUBHOCTD TeJIe-
KOMMYHUKAIIMOHHBIX ceTeli [4—6] 1 BBIYuc/IMTe/IbHBIX PEIIETOK € y3IaMU, PEaJIu3y IOIIIMU
MeTo/1, obszaTebHON Oydepuszanuu |7]. Mogesn 6buin nocTpoensl B (popMe pacKpalleH-
ubix cereit [lerpu [8]. IIpoBeensr nccieoBanmst BINAHIS 3JI0HAMEPEHHOTO TpaduKa Ha
HOBEJIEHIE U XapAKTEPHCTUKU BBIYUCIUTEIbHON perreTku [9], ¢ KOMMYHUKAIIMOHHBIMI
yerpoiictBamu tuira store-and-forward. Ornenka npon3BOAUTEILHOCTH PEIIETKH W CPEJI-
HEro BPEMEeHHU JIOCTaBKU Makera nposeiena B [10], s pereTrok ¢ KOMMYTAIMOHHBIM
YCTPOUCTBOM, PEAJMIYIONUM CKBO3HYIO KOMMYTAIIMIO [TAKETOB.

Henpio nacrosmeil craTbu sIBJASETCA CPABHUTEIbHBIN aHAN3 YCTONIMBOCTU BBIYUC-
JIUTEJIbHBIX perieTok |7, 10| ¢ pasiauaHoil apXuTeKTypoii y3/a K UHJYIUPOBAHHBIM TY-
UKaM; JaJbHeiilee pa3BUTUE METOJ0B aHAIN3a MPIMOYTOIbHBIX KOMMYHUKAIIMOHHBIX
PEIIeTOK I y3JI0B, PeaJn3yIoNnX CKBO3HYIO KOMMYTAIMIO ITakeToB. MeTojbl mpe/-
HA3HAYEHbI I TPUMEHEHHUs TPU TPOEKTUPOBAHNN BBIYUCIUTEIBHBIX PEIETOK, B Pa3-
paboTKe HOBBIX TEJIEKOMMYHUKAIMOHHBIX YCTPOUCTB M B MHTEJLIEKTYAIbHBIX CHCTEMAX
BAIUTHI.

1. Kuaaccudukamma m objgacTu OpuUMeHEHHs MeTOd0B
KOMMY TaIn

B coBpeMeHHBIX TeIeKOMMYHUKAIIMOHHBIX CHCTEMAaX JOMUHUPYIOT JIB& OCHOBHBIX METO-
na |2, 3| makeTHOI KOMMYyTAIMK: TEPBBIi ¢ 0bsg3aTe/bHON Oydepusarmeil makera, wim
store-and-forward (SAF); sropoii 6e3 6ydepusarmn, win cut-through, apyroe momyssip-
HOe Ha3BaHWMe MeToJla CKBO3HON KoMMyTanuu — «Ha Jjery» (on the fly). TIpumensirores
B CETSIX W THOPHUIHBIE KOMMYTATOPBI, KOTOPbIE MOTYT aBTOMATUYECKH MEHSITH DPEXKIM
paborsl ¢ cut-through na SAF u maobopor. Ilepekirodenne MexK 1y pexKuMaMi OCHOBAHO
Ha OIpEeJIe/IEHNN ITPOU3BOIUTEILHOCTH Y318 U IEJTOCTHOCTU IIaKeTa.

TexHo0rnst KOMMYyTAIlMK € 0bsi3aTe/IbHON Oydepusarueii siBJIgeTcs TPaJIAIIOHHON
JiIst GOJIBIIMHCTBA COBPeMeHHbIX cereil [2,5,6]. Ona obecrieqnBaer nepejady nakeTa oT-
IPABUTEJIIO TOJBKO MOCJIE TIPHEMa, [TaKeTa U IIPOBepKH KOHTPoJbHOi cymmbl (FCS). Ila-
KeT yJlaJIgeTcsl, eciu OH Kopode 64 GafitoB wian jaiuaHee 1518 0aiiToB, nim KOHTPOJIbHAS
cymma ormmboara. g meroma SAF Bpems mocraBky makeTa yBeIMIUBAETCST TPOIIOPITA-
OHAJILHO pa3Mepy MakeTa: deM OOJIbIIe pa3Mep MaKeTa, TeM OOJIbIIe BpeMeH:n TpedyeTcs
Ha [IpueM 1 mpoBepkKy. O1HaKO KOMMYTAaTOPBI, peajn3yolire MeTo 1 00sa3aTeIbHOi Oy de-
puzaiuu, 00JIaIaI0T CYIECTBEHHBIMU ITPEUMYIIECTBAME: YCTPORCTBO MOYXKET ObITH OCHA-
IIIEHO TIOPTaMU, TTOIEPKUBAOINMI PA3HbIE TEXHOJIOTUN U CKOPOCTHU TIEPEIadH, IIOITOMY
3aJieprKKa, BHOCHMas KomMmyTanueit store-and-forward mpu mepejiate KaipoB, OKa3bIBaLT-
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csl HE3HAUMTEIbHO; U BTOPOE, IIPOBEPKA IIEJIOCTHOCTHU ITaKeTa IMO3BOJISICT HE HAIPYZKATD
CETb ITOBPE2K/ICHHBIMU ITaKECTaMM.

TexHOJIOrMsT CKBO3HON KOMMYyTaInu Oydepusyer TOJbLKO 3arojioBOK coobienus [2].
KommyTraroper cut-through e BbITOTHSIOT ceseKimio makeToB [3], Garomaps Tomy
OHM caMmble OBICTpBIE B CBOeM Kjacce. HemocTtaTok 3TOro MeTojia KOMMYTAIUN 3aKJIH0-
JaeTcd B TOM, 9TO OH IIepeaaeT JHO6BI€ IIaKeTbl, B TOM YHCJIE CO/EepzKalllie HEIIPpaBUJIb-
HYIO KOHTPOJIBHYIO CYMMY, OJIHAKO COBPEMeHHas ceTeBas MH(MPACTPYKTYypa MTO3BOJIAET
CBECTU BEPOSTHOCTH BO3HMKHOBEHUs ONMIUOOYHBIX MAKETOB K MUHUMYMY. B HEKOTOPBIX
YCTPOiiCcTBaxX cO CKBO3HOI KOMMyTarueii uctojbsyercsa meros ICS (interim cut-through
switching), koropsiit dhuibTpyer makersl jyuHON MeHee 64 GafitoB. Kommyraropsr 6e3
obs3aTesbHOl Gydepusanun [3] B OCHOBHOM HCIHOJB3YIOTCSA B IEHTPax 00pabOTKH JIaH-
HBIX, TJIe HeOOXOIMMO 00ECIIEUNTh HENPEPBIBHYIO Iepeiady OOJIBIIOTro o0beMa Tpaduka
C MUHUMAJILHBIMU 33/1ePKKAMHI.

2. Moaenb BBIYNCINTEIBHON pelieTKn co CKBO3HOI
KOMMYTAallel ITaKeTOB

B TejleKOMMYHHUKAIIMOHHBIX CETSX OJHOW M3 OCHOBHBIX KOMIIOHEHT SIBJISIETCS AKTUBHOE
obopyoBaHne, TAKOE KaK KOMMYTaTOPbI MJIK MapIIpyTU3aTophl. Mojiemn KoMMyHUKAII-
OHHBIX ITPSIMOYTOJIBHBIX PEIIETOK |1] ¢ OCHOBHBIM 9JIEMEHTOM, IIPE/ICTABICHHBIM MOJIEIBIO
KOMMYHUKAIIMOHHOTO yCTpOoiicTBa, peasmsytormuii texnosiornio SAF, usyuensr B |7, 9].
PaccmorpuM MoJiesb y3i1a o CKBO3HON KoMMyTanueil naketos [10], win, nnade, ¢ nps-
MOil Tepejadeil makera U3 mopTa B HOPT 0e3 MpuHyIuTeabHON Oydepusanun. Vcmoib-
3yeMble TUIIbI, (DYHKIUK, epeMeHHble U KOHCTaHThl onucanbl B [9]. [lnsg mocrpoenust
MOJIEIN PEIIeTKN UCIOJIb3YIOTCS JIB€ OCHOBHBIE MOJIE/IH: MOJIE/Ib y3JIa CO CKBO3HOI KOM-
MyTalleil TakKeTOB KaK KOMMYHUKAIIMOHHOE YCTPOMCTBO U MOJIEIb TeHepaTopa Tpaduka
KaK TepMUHAJIBHOE ycTpoiicTBo. [l mcciietoBanmnst BAUSIHUS 3JI0HAMEPEHHOTO Tpadu-
Ka Ha (PYHKIMOHUPOBAHNE PEIIeTKH ITOCTPOEHBI MOJIE/N IyIIeK MaKeToB. Bce momenn
noctpoensl B Mojeupyiomeii cucreme CPN Tools [§].

2.1. Moaeab y3jia co CKBO3HOII KOMMYyTaliieili makeToB

Mogesb y3/1a ocHOBaHa Ha CTAHIAPTHBIX MIPOIELypax Mepeiadn makeTos |3| B coBpemen-
HBIX ceTdax u pernierkax. Ha pucynke 1 mpejcrasiiena 6a3oBas MOJETb y3Jia CETEBOIO
yCTpOiCcTBa €O CKBO3HON KoMMyTaImeii makeros [10], koropas Oymer ncnosb3oBaHa Jjist
ITIOCTPOEHUST MOJIEJIH TIPSIMOYTOJIbHOM pereTku. Mojiesrb y3/1a coIepKuUT deThIpe MopTa,
obecrevanBaIoNIne MOJTHO/LYIIEKCHBIN PEXKUM PabOTHI JIJIsi OJHOBPEMEHHON Iepejadu 1
npueMa nmakeroB. KazKablil TIOPT COCTOUT M3 YETHIPEX MO3UINI, KOTOPbIE MOJICIUPYIOT
BXOJIHOW M BBIXOJIHO# KaHAJIBI: Oydep BBIXOJIHOTO KaHaJja MOPTa ONMUCHIBACTCS MO3UIIAEH
PO U no3uImeii-orpanuauTesieM pol; Oydep BXOIHOTO KaHaJja MOpTa MPEJICTaBICH 031~
nueit pr u ee orpannaurTesaeM — nosunueit pil. I[losumum moproB onucanbl Kak Tuil pkt,
OTpaHUYHUTE/Ib TOPTa PABEH €JIUHUIE, KOTOpPas COOTBETCTBYET IPOIYCKHOW CIIOCOOHO-
CTU KaHaJja 1mopra — oxuomy nakery. /s crenudukaium Bcex MOPTOB K UMEHHU MTOPTA
JI06aBIgeTCd WHJIEKC TOpTa, PABHBINM OT OJHOTO 0 YeTbipex. i mocrpoenus Mojen
PEITETKN y3JIbI HOPTOB Y3JIOB PACIOJIAralOTCs IO CTOPOHAM KBaJApaTa B CJIEIYIONEM ITO-
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Puc. 1. Mogenb KOMMYyHUKAITMOHHOTO y3J1a

Fig. 1. Model of a communication node

psiJIKe: BEpXHUI TOPT — 9TO MEPBbIN MOPT, ONUChIBaeTCs mo3utusamu pol, poll, pil, pill;
MPABBIIl TIOPT — 9TO BTOPOi MOPT C MOBUIUAMU po2, pol2, pi2, pil2; HUKHUN TOPT SABJIs-
€TCs TPEThUM TOPTOM € TO3UIUAMU Pi3, pil3, po3, pol3; m JeBbI MTOPT — 3TO YETBEPTHIi
opT ¢ nosutusamu pid, pild, pod, pold. Ilosurun MOPTOB U UX OI'PAHUYIATEJIEH STBJISIOTCS
KOHTAKTHBIMI TIO3UIUSMU JIJIT KOMIIO3UITUN PENIeTKH JII0O0r0 pasMepa.

s agpecanum y3710B PEIIETKH MCIOJIb3YIOTCS UHIEKCHI (7, ), TJie MepBblil HHJEKC
OIMCHIBAET HOMED CTPOKM, & BTOPOil — HOMep cTost0na. KarK Il y3ea nveeT yHUKAJIHHBIII
aJipec, KOTOPBIiIl XpaHUTCs B KOHTAKTHOM MO3UINN na. BBIXOIHOM KaHaJ TOpTa MOJEH-
pyeTcst TOJIBLKO JIBYMsI TIO3UIUSMU: po, pol, & BXOIHON KaHAJ IIOPTa MOJETUPYETCS JBY-
Ml TIo3unUsAMU pi, pil u Tpems mnepexojamvu. JJis onucanus nepeHanpaBieHus maKkeTa C
BXO/IHOT'O TIOPTA Ha, BBIXOJIHOM IMOPT K UMEHH TIepexoa ti JJ00aBIdI0TCs JIBa MHIEKCA JIJId
KasKJION0 BO3MOKHOT'O HAIIPABJIEHNUs Tlepeadn (BepXHUil, HUZKHUI, JIeBbIil NI IPABbIii).
Hampuwmep, nepexot 1743 mepeaeT makeT U3 BXOHOTO TOPTa pid B BBIXOIHOM MOPT PO3.

BpemeHHble XapaKTepUCTUKE MOJENN y3Jia, MpeJcTaBieHHol B [9], 3a1aHbl 1ByMsI
napamerpamu s1' u r1') KOTOpble MPEJCTABIAIOT cOO0i BPEMEHHYIO 3a/IepKKYy OTIIPaB-
KN U TIOJIyYeHUs IaKeTa COOTBETCTBEHHO. B paccMaTpuBaeMoil MOJEIN JIJIsl OIHMCAHUS
CKBO3HOI KOMMYTAIMH TAKETOB KaKJIbIi 1epexo/l HaJIeJIeH BPEeMEeHHbIM aTpudyTom 11,
KOTODPBIII ONUCBHIBAET BpeMs MOJIyUeHHs U IepeHallpaBIeHNs MTaKeTa U3 BXOIHOTO IOpTa
B BBIXOJIHOI mopt. HarmoMuuM, 9TO B COOTBETCTBUU C aJI'OPUTMOM CKBO3HOI KOMMYTa-
un (3] makeT mepeHanpaB/ISeTCs U3 BXOIHOTO MOPTa B BBIXOIHOM TIOPT, €CJIM BBIXOTHOMN
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nopT cBobojieH. st onpeiesiennst BBIXOIHOTO TOpTa HazHaueHus! [7| B Mojesn y3iia uc-
IIOJIB3YIOTCA CIIeruaJIbHbIC IIpEeIUMKaTbl, OHN IIPEIACTaBJICHBI KaK anI/I6yTI)I IIepexoa0sB.
Hamnpumep, npenukar t04(p, a) olpejieder Iepegady IlakeTa B 4eTBepPThIl BBIXOIHON
HOPT, IJie TepeMeHHas p colepKuT uHdOpMAaIuo O makere (aIpec Ha3HAYEHHUsI, ajipec
OTIPABUTEJISI) ¥ @ aJIpec TEKYIIEro y3ia.

B nauabHOII MapKUPOBKE BCe MO3UIMK ONPpAHUYINTE el TIOPTOB pil* U pol* cojmeprkar
MapKHUPOBKY 1’c; Bce BXOJIHDBIE pik U BBIXOJHBIE PO* TMO3UIMK ITYyCTHIE, T.€. HE COJEPIKAT
durrex. Mojiesn y3/1a peneTku mpucBauBaeTCs UMs B COOTBETCTBUU ¢ HOMEPOM CTPOKHU
U CTOJIOIA PEeIIeTKU, HalpUMep, YCTPOUCTBO nb6 — 4 gBJIgeTCAd 9eTBEPThIM JIEMEHTOM B
LIECTON CTPOKE IPAMOYIOJbHON pEIIeTKH.

2.2. Mogeab reameparopa Tpaduka

s dbopMupoBanust HATPY3KU M UCCIEIOBAHUS ITAPAMETPOB KAdecTBa OOC/IyKUBaHUS
PEIIEeTKN MOCTPOEHA MOJIENIb TeHepaTopa Tpaduka (TepMIHATIBHOIO YCTPOHCTBA), KOTO-
pas moapobuo ommcana B |9]. TepMuHAIBHBIM yCTpOWiCTBAM MPUCBAMBAIOTCS MMEHA B
COOTBETCTBUU C MEePBOil OYKBOII MMEHN I'PAHUIIBI, K KOTOPOIl OHU ITPUCOE/IMHEHBI, K OYKBe
JobaBigeTcs napa WHJIEKCOB — HOMepa CTPOKM U cToJidra. Hampumep, B nMenu «ipa-
BOI'0» TEPMUHAJILHOTO yCTPOUCTBa IepBasd OyKBa 1, TEpPMHHAJIbLHOE yCTPOUCTBO 75 — 9
[sITOe B JIEBATOM CTOJIOIEe ceTKu. Mojiesib cOCTOUT M3 TpexX OCHOBHBIX 4acTeil: reHepa-
sl ¥ OTIIPaBKa akera [4]; mosydeHue makera; o6paboTka coobiienust (6] u BerauceHme
apaMeTpoB KadecTBa o0C/IyKuBaHus pernetku |5, 10].

[IepBag 4acTb OMUCHIBAET MIPOIIECC reHepanny Tpaduka, THTEHCHBHOCTE W (DYHKITUIO
pacripejiesienus Tpaduka, IpaBuia OTIIPABKY MakeToB. KazK Iblil TaKeT COCTOUT U3 ajipe-
ca TmoJjIydaTesis, aJpeca OTIPABUTE/Isd, HH(MOPMAIIMOHHOTO TI0JIs U BPEMEHHOT'O IITaMIIa,
PABHOT'O BPEMEHM OTIPABKHU COOOIIeHust. AJTpec mojydaresis BBIOUpaeTcss u3 BCEro MHO-
JKeCTBa aJIPeCOB C TIOMOINBIO caydaiinoit pyakiuu. CIeTInK OTIPABIEHHBIX MAKETOB B
Hava/IbHOM MapKUPOBKe paBeH HYJIO U TPU (DOPMUPOBAHUU COOOIEHUS yBETNINBAETCS
na eaunuity. OOg3aTeTbHBIM YCJIOBHEM TeHEPAIUU ITaKeTa SBJISeTCS JIOCTYITHOCTH BbI-
xojiHOTO KanaJsa rnopta. [loydenne rmakera mMojieiupyercs JAByMsl HO3UIUASIMUA BXO/IHOTO
KaHaJla [I0pTa IPUHIMAIOIIETO Y3714, JaJjiee Bce MaKeThl NCIOJIb3YIOTCs M1 HAXOXK ICHUS
napaMeTpoB (QOS penreTkn B MpOoIecce BBIYUCIUTE/THHOIO SKCIIepUMenTa. T peThs 9acTh
MOJIEJIN COJIEPZKUT CUETYHK MOy YeHHBIX TAKETOB, HAKAIIJINBAET CYMMY BPEMEH JIOCTABKH
[IAKETOB, PACCUNTBIBAET CPeJIHEE BPEMS JIOCTABKU ITaKeTa, TPOU3BOIUTETbHOCTD PEIIeT-
K.

2.3. Mogeab nyniku 1aKeToB

,ZLHEI uccJjieJJoBaHusd IIoOBEeACHU A PEIICTKN U OIECHKHU ITapaMETpPOB KadeCTBa O6C.Hy7KHBaHH§I
B YCJIOBULAX BJIMAHNA 3JIOHAMEPEHHOI'O TpaCbI/IKa IIOCTPOEHBbI U IIPUCOCINHECHBI K I'DaHM-
[aM PeIeTKH MOJIE/IH MyTeK makeToB |7]. Moesb nakeTHoO! My K, KOTOpasi sIBJIsIeTCst
YIPOIIEHHOW MOJIeJIbI0 TeHepaTopa Tpaduka, IpejcTaBieHa Ha pucynke 2. Popmupo-
BaHUE TAKETOB, Iepejada UX B CETh M YBeJMYEHHE CUETUYUKA OTIPABJIEHHBIX ITAKETOB
BhIOJIHAETCA TtepexogoM GunGenP. TlepuoanaHocTsb 3allycka ompeaesaeHa CIydaiiHoi
dyuknueit gDelay() u nepemennoii tic, kotopas xpanurcs B nozuiun GunClock, Konn-
YeCTBO CreHepUPOBAHHBIX IIYIIMKON MMaKeTOB BbIUuCsgeTca B mosunuu N — sndg. Amapec
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@ [THean]

1 tic 1’ {da=ta,sa=a,co="gun",ts=ct()}

GunClock » GunGenP Q
tic Out

clc u pkt

tic@+gDelay()

In
In/Out an In/Out an cc

Puc. 2. Mogenpb nymkn nakeTon

Fig. 2. Model of a packet gun

OTIpaBHUTEJIs 33/[aH B o3unun Gun— ga; aJipec moJIydareist Ha3HAIaeTCs B 3aBUCUMOCTH
OT THIA 3JI0HaMepeHHoro Tpaduka B nosumnun Gun — ta; MO3UIMU pi 1 pil MOJEIUPYIOT
KaHaJl 1epejiadn nakera. [losydenue u 06paboTKy NAKETOB IYIIEK BBIIIOJHSIIOT TEPMU-
HaJIbHbIE YCTPOHCTBa, it UACHTUMDUKAIMA TIAKeTa MK HHQOPMAIMOHHOE [OJIe CO-
NepKuT cJI0BO gun. OCHOBHBIE XaPAKTEPUCTUKH ITyIIIEK, KOTOPBIE BJUSIIOT HA MOBEJIEHHE
MOJIEJIU PeIIeTKH, TaKue KaK: MHTeHCHBHOCTb PabOThl, KOJIMYECTBO IIyIIEeK ¥ MHUILIEHEI],
UX PACIOJIOKeHne — U3ydeHsl B [9].

2.4. Mogenb BbIYUCJIUTEILHON PEIIeTK! C y3JI0M, PeaJin3yoIuM
CKBO3HYIO KOMMYTAINIO ITAKETOB

Mogernb BeIUmCNTENBHOM perteTky 1] mpecrapiser coboit obbennHeHne MojieIeil y3-
JIOB, peaju3yIoNnuxX CKBO3HYIO KOMMYTAIIMIO ITAKETOB, U MOjejeil renepaTopoB Tpadu-
Ka |7]. B coorBercTBHM ¢ mepapXmuecKoil CTPYKTYpoii mojeseit, nocrpoenubix B CPN
Tools [8], Mosiesn Becex yCTPORCTB IpPeJICTaBIEHbI KaK MOAMOJIENN B BUJIE TIEPEXOJIOB Ha
ryIaBHO cTpanuie mojean. K mepexogaM j100aBIeHbI TO3UIUN, MOJEJUPYIONINE TOPTHI
YCTPOMCTB, U TO3UIKA, KOTOPasd COJIEP:KUT YHUKAJIbHBIN aJipec ycrpoiicrBa. Mosenb BbI-
YUC/IUTEILHON PEIIeTKN pa3Mepa 8X8 € y3JI0M, PeaJTU3YIONIM CKBO3HYIO KOMMYTAIUIO
IIAKETOB, M C TEeKyIled MapKUPOBKOH, IIOJYYCHHON B IIpOlecCce MOJICIUPOBAHULA, IIPEJI-
craBjeHa Ha pucynke 3. K Momenn permerkn 1o0aBiieHbl JIBe IIyIIKH, 0Opa3yionme KOH-
durypanuio «ay3ib Tpadukay, 3TO Hapa MyIlieK ¢ B3aUMHBIMA MUIIEHIMEI, KOTOPBIE
[IPUCOEINHEHBI K TePMUHATBHBIM yeTpoiicTBaM ¢ urjekcamu (4,0) ciesa u (4,9) cupasa.

Kommozunus mojiesin pereTky mpon3BOIUTCA COIJIACHO MTPABUIaM, TIPEJICTABICHHBIM
B |7,9]. Momesnb pereTkn siBjisieTcsi TJIABHOW CTPAHUIEH MOJIEN, MMeeT BUJL IPIMO-
YTOJIBHOII MaTPHUIIBI, COCTOAIIEN W3 IMOAMO/IesIell KOMMYHUKAITMOHHBIX Y3JI0B, pean3y-
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Puc. 3. Mojiesib BbIYUC/IMTE/ILHOI pereTkn 8X8

Fig. 3. Model of an 8x8 computing grid
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IOIUX METOJ CKBO3HOM KoMMyTarmu. Mojean reaepaTropoB Tpaduka U MOJEIN IIyIIeK
MPUCOEMHEHBI K T'PAHUIIAM MOJIE/IM perreTKu. KoMMyHUKAIMOHHBIE U TepMUHAJIbHbBIE
YCTPOHCTBa MpeJIcTaBIeHbl epexogamu cetu [lerpu, mosuim ¢ unmexcamu (* — 4, j, p:
i — HOMep CTPOKH, j — HOMep cToJsibIa, p — HoMep nopra) u cyddukcamu o, xol, xi, il
ABJISIOTCS KOHTAKTHBIMY TTO3UIUSIMU, KOTOPBIE OIICHIBAIOT BBIXOTHBIE M BXO/IHBIE IOPTHI
Y3JI0B CETKU U TEPMUHAIBHBIX YCTPOUCTB.

[lepBblit 1 4eTBEPTHIM MOPTHI KaKJIOTO y3Jja IPEeJICTaBIeHbl MHIEKCOM 3TOr0 y3Ja;
BTOPO#l U TpeTuil MOPThI OOBEIUHSIIOTCI C MEPBBIM U YETBEPTHIM MOPTAMU CJIEJLYIOIIIX
Y3JI0B U UMEIOT UHJIEKCHI cyeytonux y3yoB. Hampumep, nmozunus 3617 aBjsgeTcs nepBbIiM
BXOJIHBIM ITOPTOM y3J1a n3—6 U TPEThUM BBIXO/IHBIM ITOPTOM y3Jj1a n2—6. KonrakTabIe 11o-
3UIUU TIOCJIeJTHENl CTPOKH U ITPABOT'O CTOJIOIA PEIIETKH OMUCHIBAIOT MEPBLIN U YeTBEPTHII
MOPTHI y3JI0B, KOTOPBIX HET B MOJIEJIM, STHU IMO3UIUNA UCIOJIb3YIOTCH /I TPUCOETNHEHN S
HIKHUX W TPABBIX TEPMUHAJIBHBIX YCTPONUCTB, T€HEPUPYIONINX MT0JIb30BATETbCKUN Tpa-
duk. Hanpumep, nozurus 4940 dBjsieTcss 4eTBEPTHIM BBIXOJIHBIM ITOPTOM y3ja nd — 9,
HO y3J1a ¢ TaKuM HHAEeKCOM (4,9) HeT B pererke, 9Ta MO3UIHs 00beNHACTCS ¢ BXOIHBIM
MOPTOM TepMHUHAJIbHOrO ycrpoiicTtBa 174 —9. Jlastee Bce ncciieoBanus Oy1yT MPOBOIUTHCS
Ha MOJIEJIN BBIYUC/IUTEHHOM pereTKn pasMepa 8x8.

3. CpaBHHUTeJbHbI aHAJIN3 YCTOMINBOCTI BHIYMCINTE-
JBbHBIX PEIIETOK C PA3JINYHON apXWTEKTYpOul y3J1a

3.1. MacmrrabupoBanne BpeMeHN

[Tocme mocTpoeHnss W OTJIAAKHA MOJE/M UMHUTAIIMOHHOE MOJEIUPOBAHUE IIPEIyCMaTpPH-
BaeT CIEIUAJIbHYI0 OPraHU3aIlni0 SKCIIEPUMEHTOB ¢ MOoje/bio. Hamudaue crarmonapHoro
pexKuMa beHKL[I/IOHI/IpOBaHI/IH MOZeJ/In IIO3BOJIACT ITPOBECTU OICHKY CpeIHUX XapaKTe-
PUCTHK ¥ JPYTUX crarucrudeckux MomeHToB. Mosgemupytomast cucrema CPN Tools [8]
UCIIOJIb3YeTCs KaK OObIYHAS CHUCTEeMa MMHUTAIMOHHOIO MOJICIMPOBAHUSA, KOTOpas ITO3BO-
JITeT MOJIeJINPOBATh Ha OOJIBIINX MHTEPBaJaX BPEMEHU IIOBEJICHHE CETU JII0OOH CJIOXK-
Hoctu [4,9|. Bosbinuit nHTEpEC MPEICTABIISIOT MOJIEIN, KOTOPBIE MCIOIb3YIOT CJIydaii-
Hble GyHKIMN [4-6|, B 9TOM cirydae HCCIIeIyIOTCs TaKue OCOOEHHOCTH CeTH, KaK CPeJiHee
BpeMs JIOCTABKU TaKeTa, IPOU3BOIUTE/ILHOCTD, KOJMIECTBO OTIIPABICHHBIX U ITPUHATHIX
[IAKETOB T./I.

B CPN Tools Her nHCTpYMEHTOB JjIsI yIPaBJIeHN BPpEMEHEM, HO IIPEIOCTaBIAETCSI
BO3MOXKHOCTB BBIOPATH JIOCTATOTHO OOJIBIITOE KOJIMIECTBO IIaroB, 9To0bI 00eCIeIUTh JI/Th-
TEJIBHOCTD IIPOIIECCa MOACIUPOBAHIS, COOTBETCTBYIOILYIO peajbHOMY BpeMeHH. Tak:ke He
BBIYHC/IAETCA IIEepBUYIHaAA CTaTUCTUICCKaAd HH(bOpMaHI/IH: MaKCUMaJIbHOE, MUHUMaJIbHOE
n cpeaHee KOJIMIeCTBO CbI/H_HeK B IIO3UIUAX, JaCTOTbI Cpa6aTbIBaHI/IH mepexoaoB u T.d.
Ho cucrema npeocraBiisgeT g3bIK I OIMUCAHUS MTPOIECCOB HAKOIJICHUS ¥ BBIYUCICHUS
XapaKTEePUCTHK, KOTOPBIN UCIOJIB3YeTCsl B U3MEPUTEIbHbIX hparMentax cetu [4—6].

DKCIEPUMEHTBI C MOJIE/IBIO IIPEJIIO/IaraloT: MaclITabupoBaHe BpeMeHH, CYIIeCTBOBa-
HUE CTAIIMOHAPHOIO PEXKMMa IOBEJICHUsT MOJIE/IN, OIEHKY XapakKTepucTuk. Maciradbupo-
BaHUE BPEMEHU IIPEJICTABIAET OOJIBINION UHTEPEC, YTOOBI CAeIaTh MOJIE/Ib PEATUCTUIHOM.
Bpewms B CPN Tools usmepsiercs B equnnmnax mozeabnoro spemenn (MTU), koropere He
UMEIOT Pa3MEpPHOCTH, U IIPEJICTABIACTCA HATYPAJIbHBIM drcjioM. [ToaTomy jiist uccirerye-
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MOIi ceTn CHavasIa ONMpPeJIeISIIOTCS BpEMEHa B PeasIbHbIX eJUHUNAX (MC, HC) U3 OIUCAHUSI
TEXHOJIOI'UH, AIlMAPATHBIX CPEJICTB U IMPOrPAMMHOIO 0DeCIevYeHus. 3aTeM BbIOMPAETCs
MTU kak HanMeHbINWIT WHTEPBAJI BPpeMEHHU. 3aTeM BCe BpeMeHa MOJIE/IN MePeCcTnThIBa-
forcss B MTU, nocsie nostydennst pe3ysibTaToB MOJIETNPOBAHIS BPEMS IT€PECINTHIBAETCS
00paTHO B peasibHbIe eIMHUILI BPEMEHH.

Jlnst ompeiesieHnst BpDEMEHHBIX XapaKTePUCTUK MOJIETH BBITHCIUTETHLHON PEIeTKN 1
pacdera mapaMeTpoB KadecTBa 0OCIy’KUBAHUS PACCMOTPUM MaCIITaOMPOBaHNE BPEMEHH
qutst rexrosiorun 10 ['6ur/c. BpemeHHbIe XapaKTepUCTUKE y3/1a PEIIETKU 3a/IaHbl JBYMs
napamerpamu ST u r1’, KOTOpbIe IPEJICTABJISIOT COOON BPEMEHHYIO 3a/I€PXKKY OTIPABKH
U TOJIy9YeHus TaKeTa CoOoTBeTCTBEeHHO. CKOPOCTH Iepejadn IMoje3Hoil nHdopMalun B
paccMaTpuBaeMoil TexHoJiorun coctayger 8 ['6ur/c, wim, unade 1 ['Gaiir/c. [Ipumem
JUTHHY TIaKeTa paBHOW MaKCHMaJIbHOW jnne Kajipa Ethernet, 1518 Oaiitos, u jaumy
3aroJioBKa Kajpa 18 Gaitros. Tora Bech nmaxer nepegaercs 3a 1, 518-107¢ cekymipl, naxer
6es azpecnoit undopmanuu 3a 1,5 - 107%, zaromosok naxera 3a 0,018 - 107, Snauenue
0,018-107°%, xak MurnMasbHOe, puMeM 3a 1 MTU. IlepecuntaeM ocTagbHble 3HAUCHUA:
1,5-107% pasno 83 MTU, 1,518 - 10~% pasno 84 MTU.

Torna mjist MeTo/Ia KOMMYTAIIUU ¢ 00s3aTeIbHOM Oydepusariyeil BpeMeHHast 3a/1epK-
ka nosrydenud rmakera 71’ paBna 84 MTU, Bpemennas 3ajiepykka OoTHpaBKd Hakera s71'
paHa 1 MTU, obmee Bpems 3azep:xku 85 MTU. [Iixsg merosa CKBO3HON KOMMYTAIIAN
BPEMEHHBIE 3aJIePKKW MOy IeHNsT TTaKeTa U OTIPABKN MAKeTa sIBJIAIOTCA 00beIMHEHHOM
BesianHoit (r77), B COOTBETCTBHH ¢ XapaKTEPUCTUKO TexHosmornu |2, 3.

st perrerku 8x8 mieasibHOE BpeMsl JJOCTaBKU ITAKeTa IIPU METOJI€ CKBO3HOW KOMMY-
taruu (mepesada depe3 8 ycrpoiicTe-xonos) pasao 84 MTU. UneanbHoe Bpems mpej-
[oJTaraeT, 9YTO 3aroJIOBOK IaKeTa HaXOIUTCH B 8 y3Jle, a XBOCT TaKeTa eIre IepeTaeTcs
B niepBoM y3iie. Torja Bpemennast 3ajiep:KKa Ha OJIHOM y3Jie npuMepHo pasua 11 MTU.
st Toro 9TobBl YIPOCTUTH OIEHKY CPEJHUX U C/e/IaTh MOJIE/Ib 00jiee PeanCTUIHOM,
MPUMEM CJIEJIYIOIIe 3HAYeHNsT BPEMEHHBIX XapaKTEePUCTUK: JIJIT METOJa KOMMYTAIIIN
¢ obszarebHON Oydepusarueii obmas BpemenHast 3azepxkka 100 MTU, mia merona
ckBozHoit kommyTarun 20 MTU. Pazgenmnm snavenus na 10, mis ysmnoB SAF Bpemennbie
XapaKTEePUCTUKU Ha IepexojilaX MOJIeJH y3ja HazHauuM paBHbiMu ST = r' = 5, mjis
y3ma0B cut-through r1" = 2.

3.2. HWccaenoBaHue xapaKTepPUCTUK MoOJeJieil penieTok
B YCJIOBUSX padoveil Harpy3Kn

Mojiestb BBIYHCIUTEIBHON PENIeTKN OT/IayKeHa B YCJIOBUAX paboveil Harpy3Ku, KOTOPYIO
dbopmupytor Mojenn rereparopos Tpaduka [10]. BeimosHena oreHka mapamMeTpoB Kade-
cTBa OOCIYKUBAHUS U MMOBEJICHUS PENIeTKU B YCJIOBUAX pabOUeil M MMKOBON HAIDY3KH.
WccnenoBanus NpoU3BOINTENHLHOCTH PEIIETKH U CPEJIHEr0 BPEMEHU JIOCTABKU IaKeTa
BBITIOJTHEHBI JIJIs pacupejesienus [lyaccona ¢ pa3indHOl HHTEHCUBHOCTBIO.

B Tabsmre 1 mpejcraBieHbl pe3yIbTaThl UCCIEIOBAHNAST XaPAKTEPUCTUK DEIIETKHA B
YCJIOBHAX pabodeil Harpy3Ku Jjis y3J10B 6e3 obs3aTeibHoit Oydepusamnun. A6OpeBraTypa
MTU (Model Time Unit) obo3nadaer eUHUILY U3MEPEHHs] MOJIEIBHOIO BPEMEHM; CHM-
BOJI * MMOKA3BIBAET, UYTO PEIIeTKa MPUXOIUT K MOJTHOMY TYIHUKY, TO €CTh B MOJIEIU OTCYT-
CTBYIOT aKTHUBHBIE TIepPeXo/Ibl. [[pOn3BOIUTETLHOCTD PEIIETKU U3MEPSIETCS B KOJINIECTBe
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Tabmuma 1. XapakTepucTuku MoJIe/In pereTk 8x8 rnpu paboueit HArpy3Ke

Table 1. Characteristics of an 8x8 grid model under a workload

WuTeHncusH. Kou-Bo Kou-Bo [Ipoussoaut. | Cp.Bpems
paboueii OTIPABJIH. | IPUHITHIX pereTKn JIOCTaBKH
HAIPY3KHI [Tar Bpems | maxeros [IAKETOB Grid nakera
Workload Step Time N sent N received | performance | Average
intensity packets packets packetDT
90.0 10000000 | 2615179 | 930023 901051 0.34 15
50.0 10000000 | 1453296 | 930061 900918 0.61 15
40.0 10000000 | 1163360 | 930316 901580 0.77 15
30.0 10000000 | 872079 930017 900635 1.03 15
20.0 10000000 | 581430 930397 901152 1.54 15
15.0* 9080431 | 396103 844938 818415 2.06 15
10.0* 8339863 | 242597 775968 751454 3.09 16
9.0* 2182011 57315 203181 196658 3.44 16
8.0* 2164592 | 50464 201381 194996 3.86 16
7.0% 7488036 | 152909 696902 674855 4.41 16
6.0* 1366960 | 26111 127387 123307 5.11 17
5.0% 381924 5950 35588 34339 5.81 19
4.0* 49317 842 4729 4397 5.62 24

[AKETOB B €JIMHUILY MOJIeJIbHOTO BpeMenn (packets/MTU ), cpejiee BpeMsi JOCTABKHU Tia-
keta B MTU.

[Tosyuentbie pesysabrarhl (Tabamia 1) MOKA3bIBAIOT, YTO pelleTKa MPUXOJUT B TY-
MUK Jlayke Ipu pabodueil Harpyske, B OOJIBIINHCTBE CIyYaeB TYIUK O3HAYAET, YTO HOPTHI
Ha3HAYEHUs Y3JI0B 3aHATHI. MakcuMasbHash MPOU3BOIUTETLHOCT PENIeTKHU, WU ITHKO-
Basl HArPy3Ka, JOCTUTAeTCs [IPU UHTEHCUBHOCTH paboueit Harpy3ku wl=15.0 u 3a1anHOi
WHTEHCUBHOCTH ObOcIyKuBaHud r1'=2, n paBHa ¢gp=2 NaKeTa 3a €JIUHUILY MOICTHLHOTrO
BPEMEHN.

[IpoBenen cpaBHUTEBHBIN aHAIN3 YCTOWYMBOCTU BBIYUCIUTEIHLHBIX PEIIETOK C Pas-
JINYHOI apXUTeKTypoil y3ia. B Tabiauie 2 mpescTaBieHbl pe3yJibTaThl HCCAEOBAHNS pe-
IIETOK MTOCPEJICTBOM padoveil HAarpy3KHu JIJisl Y3JI0B, PeaTU3yIONINX TEXHOJIOTUIO TIepeIadn
[aKeToB ¢ NpuHyuTesbaoil Oydepuszanueiit SAF (9], u cksosnoit kommyranuu. Pazmep
oydepa B Mmozenn y3ia, peagusyomiero SAF, pasen 100 makeram.

[IpousBouTe/ IbHOCTH PEIIETOK TPUMEPHO OJUHAKOBBI B YCJIOBUAX PaboUeil Harpy3Ku.
B yciioBusix muKoBOIT HArPY3KHU pelreTKa ¢ y3JI0M, peaau3yIoNuM TeXHOJIOTUIO TepeIain
MAKEeTOB C IMPUHYIUTE/IBHON Oydepusarueii, bojiee ycToitdnBa, B OTJIMYHE OT CKBO3HOM
KOMMYTAITUH, Y KOTOPO# IIPOM3BO/IUTEIHLHOCTD TTajaeT B 1,5 pasa u bostee. Cpejinee BpeMst
JIOCTABKI TaKeTa 3HAYUTETbHO yXY/IIAeTcsd, MPUMEPHO B 2 pa3a, y PENIeTKH € y3JI0M
SAF; npu sToMm y perterku ¢ y3ioMm cut-through B 1,5 pasa. Pemerka ¢ ysmamu cut-
through npuxoguT K MoJTHOMY TYNUKY TPU MHTEHCUBHOCTH MUKOBON Harpy3ku wl=10.0
(XapaKTepPUCTUKHU peieTKH B Tabymie 2 OTMEYeHbl CHMBOJIOM ), DelieTKa ¢ y3JaMu
SAF — npu uHTEHCUBHOCTU TTUKOBON HArpy3KH, paBHOi wl=8.0.
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Tabmua 2. XapakTepucTuku MoJie/ieil perneTkn 8x8 ¢ pa3IndHol apXUTEeKTypoil y3ia
npu paboueil HArpy3Ke

Table 2. Characteristics of 8x8 grid models with different node architecture
under a workload

WNurencusnocrs | [Ipomsson-te | Cpemma.Bpemss | Ilpouwseoga-te | Cpemn.Bpemst
pabod.HArPy3KU pereTKn JIOCTABKH IaK. pereTKn JIOCTABKHM IaK.
Workload Grid perform. | Average packet | Grid perform. | Average packet
intensity SAF delivery time | Cut — through | delivery time
90.0 0.34 78 0.34 15
50.0 0.62 78 0.61 15
40.0 0.78 79 0.77 15
30.0 1.03 79 1.03 15
20.0 1.55 81 1.54 15
10.0 3.1 97 3.09* 16*
9.0 3.44 130 3.44* 16*
8.0%* 2.51 236 3.86 16
7.0* 2.16 301 4.41 16
6.0%* 2.22 288 5.11 17
5.0% 3.41 231 5.81 19
4.0* 3.25 189 5.62 24

3.3. Omnenka BAngHNA 3JJ0HAMEPEHHOTO TpaduKa Ha ImapaMeTphl
KavecTBa OOCIIyKUBAHWs PEIeTOK

UccntemyeM mpon3BOANTEIbHOCTD PEIIETKU U CPeIHee BPeMsl JIOCTaBKU IIaKeTa B yCJIOBH-
SIX 3JIOHAMEPEHHOr0 TpaduKa, ¢ pa3IuIHON WHTEHCUBHOCTBIO U ITYACCOHOBCKOW (DyHK-
nueit pacnpejenerus. B tabuie 3 mpecTaBieHbl pe3yabTaThl UCCIeI0OBAHUS XapaKTe-
PUCTUK PEIIeTKHU I y3JI0B 0e3 00A3aTe/IbHOi Oydepusaum, NHTEHCUBHOCTD padoveii
narpysku wl=30.0. 3HaueHne UHTEHCUBHOCTH paboveil HArpy3KU BHIOPAHO I JTaIbHeli-
IIEero CPaBHEHUS ¢ pe3ysbratamu, nojrydernbivu jyist SAF [7,9]. K mapamerpam tabmipl,
IIpeJCTaBJICHHBIM B IIPEILLIYIIEM I0JIpas/iesie, J00aBJIeHO 3HadeHne ¢snd — KOJUIECTBO
[AaKeTOB (BBICTPEJIOB), OTIPABJICHHBIX IIYIIKAMHI; KOJIMIECTBO oeparuii (Iaros), BbITOI-
HSIEMBIX MOJIEJIBIO, OCTasIoch paBHBIM Step=10000000.

PesyabraThl BHIYUCIUTEIBHOIO SKCIIEPUMEHTA, MPEJCTABICHHBIE B TAO/IHIE 3, TTOKA-
3BIBAIOT, YTO CpEJIHee BpPeMs JOCTaBKH ITAKeTa B PENIeTKe MPU MHTEHCUBHOCTH 3JIOHAME-
pennoro Tpaduka B quanazone 4.0-9.0 npakTudecku ne uamengercd, pasuo 15-16 MTU
U PABHO CPEJIHEMY BPEMEHHU JIOCTABKH B yCJIOBHsIX pabodeil Harpysku (tabuuna 1). [Tpo-
MU3BOJIUTEIBLHOCTD PENIETKN yBEJIMINBAETCs, IPU MaKCUMaJIbHON MHTEHCUBHOCTH ITYIIKH
gl=4.0 npou3BoIUTEILHOCTE perieTku B 1.5 pasa 60Jiblie, YeM mpu padoueil HArpysKe,
u paBHa gp—=1.54 makera 3a €JIMHUILY MOJIEJILHOTO BpeMeHU. Perrerka He NPUXOJUT B
TYIHK, T.€. KOHPUTYPAIIA «/1yd/Ib» He OKa3bIBACT BJIMIHUE Ha PEIIeTKY TP WHTEHCUB-
noctu pabodeit Harpysku wl=30.0.
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Tabmuna 3. XapakTepucTuKu MOJIE/IN PEIIeTKH 8X8 Mpu Pa3HOil MHTEHCUBHOCTH
3JIOHAMEPEHHOr0 TpauKa

Table 3. Characteristics of an 8x8 grid model under ill-intentioned traffic
with different intensity

WNurencusH. Koum-Bo Komr-Bo Kom-Bo [Ipoussoan- | Cpennee
Tpaduka OTIPABJI-X | IPUHSITHIX | TIAKETOB TEJIbHOCTD BpeMs
Iy IIKH Bpems | makeros [IAKETOB | BBICTPEJI-X | PeIIeTKH JIOCTaBKH
Traffic Time Number Number | u3 mymrek Grid raKeTa
gun of packets | of packets N fired | performance | Average
intensity sent received packets packetDT
4.0 607791 648331 931033 302864 1.54 16
5.0 646515 | 689875 926856 258690 1.43 16
5.5 662607 | 706690 925542 241035 1.39 16
6.0 675425 720558 923412 225116 1.36 16
8.0 715934 | 763637 918985 179083 1.28 15
9.0 730551 778991 916985 162344 1.28 15

[IpoBesieM cpaBHUTEIBLHBIN aHAJIM3 YCTONYUBOCTU BBIUUCIUTE/ILHBIX PEIIETOK C pa3-
JIMYHOH apXUTEKTYPOil y3/ia B YCIOBUSX 3JI0HAMEPEHHOTO TpaduKa, THUIA «IydJIb TPa-
dbukay. Ilymku npucoeaunensr K ysiaam permerkn (puc. 3) ¢ ungekcamu (4,0) u (4,9).
B Tabsure 4 npecTaBieHbl Pe3ysIbTaThl UCCIEIOBAHNS PEIIETOK C y3/aMU, Pean3yio-
IUMU TEXHOJIOTHIO IIepejIavn MAKeTOB ¢ obg3areibHol Oydepusarueii [9], u ckBosHOM
KOMMY TaIliu.

Tabmna 4. XapakTepuCTUKH MOoJIesIell pereTkn 8X8 ¢ Pas3InvdHONl apXUTeKTypoil y3Jia
B YCJIOBHUSIX 3JI0HAMEPEHHOIO Tpaduka

Table 4. Characteristics of 8x8 grid models with different node architecture
under an ill-intentioned traffic

Unrencusuocts | [Ipoussogur-t6 | Cpeman.spems | [IpousBogur-t6 | Cpegn.Bpemst
Tpaduka perreTKn JIOCTABKH TaK. pereTkn JIOCTaBKH TTaK.
Iy TITKH Grid Average Grid Average
Traffic gun performance packet performance packet
intensity SAF delivery time | C'ut — through | delivery time
4.0 0.34* 76 1.54 16
5.0 0.43%* 73 1.43 16
5.5 0.67* 78 1.39 16
6.0 1.37 67 1.36 16
8.0 1.28 64 1.28 15
9.0 1.26 66 1.28 15
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[Ipu unrencuBnoctTu padboueit Harpysku wl=30.0 ay3/16 TpadpuKa TPUBOJIUT PEIIETKY
¢ y37aMu, peajn3ytonmmn Texuosornio SAF,| K motHOMy TyIHUKY depes JOMOTHUTE/IHHY O
Harpysky Menee ueM 10 mporenTos. Pemerka ¢ y3iamu, peanusyiomumu cut-through, pa-
boraer B mTaTHOM peknuMe. JlapHellre ncciaemoBaHus MOKa3aau, YT0 KOH(MUTYPATTHT
«JTy3JIb TpaduKas He OKa3bIBAET BJIUSHUE Ha PeIeTKy ¢ y3jamu cut-through mpm yse-
JudeHun pabdodeit Harpysku j0 muKoBo#t wl=15.0, mpu KOTOPOil peneTka MPUXOIUT K
[IOJTHOMY TYTIUKY.

[TocTpoena MoJie/b BRIYUCUTEILHON PEIIETKH C y3JIaMU, PEAJTU3IYIONUMU TEeXHOJIO-
TUIO CKBO3HOI KOMMYTAIINN [TAKeTOB, B (hopme pacKkpariennoii ceru [lerpu. Nccmemosana
0e301acHOCTh PEIIETOK U BO3MOYKHOCTH B3aUMOOJIOKMPOBOK Y3JI0B PEHIETKUA B YCJIOBUIX
paboueit Harpy3ku. [ljist oleHK apaMeTpoB KavecTBa OOC/TYKUBAHUS B YCJIOBUAX 3J10-
HaMEpPEHHOT'0 TpaduKa K MOJIEIN PEIIETKN JT00aBIEHbl MO/ IYIIKHA TaKeTOB, MMUTH-
pylomue «BpeaHbIity Tpaduk. [Iposeien cpaBHUTEILHBIN aHAIN3 YCTONINBOCTH BHIYUC-
JINTEJIbHBIX PEIIeTOK ¢ Pa3INIHON apXUTEKTYPOl y3/1a B YCIOBUAX paboveil Harpy3Ku 1
3JIOHAMEPEHHOT0 Tpaduka.

Takum 0Opazom, pe3ysbTaTbl UMUTAIMOHHOTO MOJIEJIUPOBAHUS TOJITBEP/IMIA PAaHee
MIOJTyYEeHHBIE PE3Y/ILTATBI, YTO COBPEMEHHAS apXUTEKTyPa KOMMYTAIMOHHBIX YCTPOUCTB
He TapaHTUpPYeT OE30IaCHOCTD perteTKu. J{o/KHBI ObITH pa3paboTaHbl ClIeIUaIbHBIE TPO-
TOKOJIBI JIJIs1 OOHAPY2KEHUS U MIPEIOTBPAIeHN B3anMOOJIOKIPOBOK, KOTOPBIE ITPE/IITOJIa-
raloT B3aUMO/IECTBIE HECKOJLKUX Y3JI0B.

Hanpassiennem gajibHERIIUX MCCIIEIOBAHUI SIBIIETCH OIeHKa Y(PMEKTUBHOCTHA U Xa-
pakTepucTuk (QOS perreTku mpu MPON3BOIBHBIX (DYHKITUSIX pacIpeie/IeHnsl TeHePATOPOB
TpaduKa, THIOB TYIUKOB, KOH(MUTYPAIUil yCTPOHCTB, (DOPMUPYIONINX CKPBITHIE aTaKM,
[OCTpOeHNe peHTepadesIbHON MOJIEH JIJI NCCIIeI0BAaHUS CTPYKTYP PEIIETOK JI000ro pas-
Mepa.
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Introduction

Specialists of the universities of Berkeley and Stanford in 2006 proposed the basic ideas
of the SDN. This approach involves the construction of computer networks in such a
manner that the control plane is separated from the data plane. The control plane is
usually a dedicated server that runs network operating system (OS) called controller. Not
only academic circles were inspired by the SDN architecture, some crucial commercial
companies also became interested in it and formed the ONF (Open Networking
Foundation) community. This community is developing specifications and standards in
the field of SDN. According to ONF, the main ideas of the SDN approach are as follows:

e The control plane is separated from the data plane.
e Unified, vendor independent protocol called OpenFlow is used between planes.

e Control plane is logically centralized, implemented as a network OS, called controller,
and runs some network applications.

The controller manages the network infrastructure and data streams in it, while
network applications are designed to extend the controller’s functionality and
implemented on other equipment to facilitate the functioning of the controller. In fact, the
controller - the core of the SDN - serves as a place where the logic defined by the network
applications is converted into a set of switch configuration rules. Thus, the controller can
become both a point of failure of the network and its performance bottleneck. If the
controller fails, the operation will fail, leading to a complete or partial loss of network
management. In this case, the switching equipment will continue to forward packets
according to the current routing rules. However, if one or more switching equipment
fails, the network will not be able to continue functioning. Therefore, a very important
aspect when implementing the SDN approach for corporate, operators, providers or data
centers networks is to ensure trouble-free operation of the controller.

To solve the above problem, the distributed interaction of controllers can serve, which
will allow, if one controller fails, to retain control over the switching equipment. The
presence of several controllers in the network implies the existence of a mechanism for
exchanging control information between these controllers. The multi-controller
architecture is a set of controllers working together to provide high performance and
scalability. The organization of a multi-controller SDN can be logically or physically
centralized, having one rank or hierarchical structure. Works in these areas are carried
out within the framework of such projects as CoVisor, DISCO, ELASTICON, FlowBrick,
FlowVisor, HyperFlow, Kandoo, ONIX, ONOS and ORION.

1. Distributed controller

1.1. CoVisor

CoVisor [1] is a hypervisor that allows you to use multiple controllers located in the same
SDN to manage it. Unlike existing hypervisors, which are focused on splitting the network
into subnets, CoVisor allows several controllers to simultaneously work with traffic. In
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fact, CoVisor allows you to choose the best functionality from different controllers. For
example, you can use the firewall application from the Floodlight controller, the load
balancer from Ryu and so on, regardless of the programming language and libraries
used. The resulting set of functions can be applied to traffic in whole or in part. CoVisor
abstracts from a specific network topology and creates a virtual one in its place, which
allows the administrator to regulate controller access to packages that it can monitor,
modify and redirect. The main technical feature of CoVisor is a set of efficient algorithms
that handle the policies of controllers and transform the virtual network into a set of
specific OpenFlow rules, as well as ensuring their updating. The hypervisor prototype is
based on the OpenVirteX hypervisor and is written in Java. CoVisor testing results show
that it handles packets more quickly than OpenVirteX by several orders of magnitude.

1.2. DISCO

DISCO 2] is a SDN multi-controller. Each DISCO controller monitors its own local
SDN and provides interconnection of controllers via unique communication channels. The
control and transmission of information in these channels is carried out via the Messenger
module using the AMQP protocol. The communication channels use specialized agents
(Monitoring agent, Reachability agent, Connectivity agent, Reservation agent and others).
Specialized agents and Messenger module are implemented in the inter-domain part of the
controller, which is responsible for monitoring, synchronization, data exchange between
DISCO controllers. The intra-domain part of the DISCO is based on the Floodlight
controller. This part is responsible for the direct operation of the controller over the
dedicated SDN or network applications. In their work [2|, the authors evaluate
experimentally the following: breaking the connection between different local networks
and rebuilding the interconnection of controllers, processing traffic by controller m, which
has priority from controller n, idle time when the controller is migrated to another virtual
machine.

1.3. ELASTICON

ELASTICON [3] is a cluster of standalone controllers that share the workload to provide
a global network view for the management layer. This global view of the network uses
the Distributed Data Store module, through which a logically centralized controller is
created. Each module has a TCP channel that connects it to neighboring controllers.
This ensures the exchange of messages between controllers, the switching of responsibility
zones or coordinating actions while switching equipment is migration process.

The following example can illustrate the typical use case of ELASTICON. The
switching equipment is connected to several controllers. One of them is the master and
the others are slaves. Each controller has a core controller module that is responsible
for connecting the switching equipment and for interacting this equipment with the
controller core applications. It should also be noted that this module is responsible for
choosing which controller will be connected to the new switching equipment and for the
migration of this equipment between the controllers. The controller core applications are
responsible for the executable logic of the switching equipment. The information stored
in them is transmitted via the Distributed Data Store module to a similar application
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in another controller when the switching equipment is migrated. Balancing of switching
equipment between controllers is performed periodically and does not depend on traffic
load.

1.4. FlowBricks

This controller is based on the Floodlight kernel. FlowBricks [4] is built in such a way
that it acts as an intermediary between various controllers and SDN. This approach
was chosen because different parts of different controllers operate more or less efficiently.
Thus, FlowBricks can send both sequentially and in parallel a packet-in to the controllers.
The processing of responses from controllers can be configured and FlowBricks may
decides how to modify the packet-out. The prototype of the controller showed that the
processing time of the OpenFlow package has not increased significantly.

1.5. FlowVisor

FlowVisor [5] is an approach to organization of the SDN architecture that involves
creating an additional layer for processing OpenFlow packets between the SDN controller
and OpenFlow equipment. FlowVisor intercepts, modifies and redirects all packets ex-
changed between controllers and equipment, so that for each individual controller the
network (or part of it) looks controlled only by it. In this way, the network is divided
into layers that work independently. On the one hand, the advantage of this approach
is the relative independence of a particular SDN controller, since the manipulations are
done directly with OpenFlow packages, without affecting the controller’s operation. As
an analogue, you can consider the use of VLAN in a classical network. On the other
hand, the administrator is obliged to configure, control and resolve conflicts between
controllers. The system was based on the NOX controller.

1.6. HyperFlow

HyperFlow [6] is a network application for the NOX controller, which allows you to
turn this controller into a distributed one. This is achieved through WheelFS [7], which
provides passive data synchronization between network applications of controllers. This
synchronization build on the publishing/subscribing events method. It ensures that the
controller does not duplicate the transmitted information, and minimizes the amount of
traffic transmitted by the controllers.

1.7. Kandoo

The Kandoo [8] project involves building a hierarchy of controllers in such a way that
the lower level of the hierarchy is the controllers that manage their domains, and the top
level is the root controller that controls the lower-level controllers. Low-level controllers
process packet-in requests for which they have solutions, otherwise they send it to the
top-level controller, which has a complete view of the entire SDN. For the Kandoo project
to optimize the operation of the SDN two main applications have been created: detect
and reroute. The first application works on the lower level of the controllers. It determines
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large flows (large is considered to be a stream of more than 1 MB). They overflow the
channels and reduce the efficiency of the SDN to transfer other flows. When one of the
controllers determines a large flow, it passes this information to the upper level to rebuild
the routing of all threads in the controlled SDN.

1.8. ONIX

ONIX [9] is a distributed controller that can be run on a cluster. At the same time on
each node of the cluster - a dedicated server - several Onix controllers can be started. The
SDN controlled by ONIX is divided into four logical components: a physical infrastructure
that includes all network devices; the connection infrastructure, which is the connection
between the physical network and ONIX; the management logic that is presented by the
ONIX API for network applications and, finally, the ONIX controller itself, interacting
with the physical infrastructure.

The ONIX API allows network applications to read and write the status of any
network element in the SDN. Each network element can contain one or more data objects
to which network applications should have access. In the NIB information database, each
state of the network is stored as a graph. ONIX controllers support NIB synchronization
and each network applications can read and write status in NIB.

For scalability, the ONIX controller offers three methods: the dynamic load sharing
between multiple copies of the controller, the creation of a hierarchical structure with the
representation of aggregation of controllers at the lower level and the ability to transfer
the state of applications.

1.9. ONOS

The first prototype of the ONOS SDN controller [10] was based on the Floodlight.
It has the switch manager, 1/O loop, link discovery, module management, and REST
APIs. The main characteristics of this prototype were global network view, scalability
and fault tolerance. To ensure higher performance, ONOS was build using the following
frameworks. Firstly, it is the Titan — a distributed graph database, which is storing the
network topology. Secondly, it is Cassandra — a distributed No-SQL database, which is
implemented as a key-value storage and were used for storing information about switches,
ports and so on. Thirdly, is Blueprints API — the interface, on which network applications
receive information about the current network topology.

If the global network view has changed, OpenFlow managers detect it and implement
changes in the real network. Each controller, in this architecture, is responsible for its
own domain. In this case, each switch is connected to several controllers. If a controller
stops responding, then using the ZooKeeper algorithm, there are elections among the
active controllers, who will take responsibility for managing the SDN slice that is left
without a controller.

The main drawback of the proposed approach is low performance due to the high
overhead required to update the network topology stored in Titian and Cassandra. With
the fall of one controller, the reorganization of the SDN lasted up to 30 seconds, which
is unacceptable.
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While creating the second prototype, the focus was on improving the performance of
the first one, keeping the Global network view. In this case, there are two main areas
where the performance gain can be got. The first one concerns making remote operations
as fast as possible, while the second approach focuses on reducing the number of remote
operations. It was decided to change the Titan, Cassandra and Blueprint API stack
to faster in-memory DBs. The creators chose RAMCloud DB, because it provides an
interface compatible with the Blueprint API. In addition, the authors suggested using
topology cache. The essence of this technology lies in the fact that topology changes
are not added immediately in the DB, but store in the cache. If after some time there
are no any new changes, then the cache data is inserted to the DB. In addition, to
improve the inter-controller communication through notifications, the authors applied
inter-instance publish-subscribe event notification and communication system based on
Hazelcast. With the help of it, several notification queues have been created. Network
applications can subscribe to them, and, thus, they will quickly receive the information
they need.

1.10. ORION

ORION [11] is a hybrid hierarchical control plane, which is a mix of flat and hierarchical
architectures. It tries to combine the benefits of both designs and put them all together
in a hybrid structure. A network controlled by ORION has three layers: the physical
layer, which contains all the physical devices, such as OpenFlow switches; the bottom
layer of the control plane that includes the controllers, which handle collecting physical
device and link information, as well as dealing with intra-area requests and updates; and,
finally, the upper layer, which contains the domain controllers.

ORION interdomain controllers’ communication relies on the Horizontal
Communication Module that synchronizes the information among domain controllers
to build a global network view. The interarea and domain controllers’ communication
relies on the Vertical Communication Module, which is a set of TCP connections that
permit area controllers to send the abstracted topology of the infrastructure layer and
request information from the domain controller when a host in some domain wants to
reach a particular host in another domain.

ORION has made a theoretical and an experimental evaluation to test the performance
of its control plane. On one hand, the theoretical evaluation shows that the computing
time of ORION has a linear growth, which is much lower than the traditional Dijkstra
routing algorithm. On the other hand, the experimental evaluation tried to verify the
feasibility and the effectiveness of ORION shows that the delay time increases gradually.

2. Distribution systems analysis

After analyzing the presented multi-controllers and the principles of organizing a
distributed, scalable and fault-tolerant control system for SDN, we classify the controllers
into subgroups and define the methodology for creating the distributed SDN.

Fig. 1 shows the classification of multi-controllers. Physically centralized
multi-controllers are monocontrollers with multi-threaded organization of event processing.
For examples, NOX and Beacon controllers, as well as the CoVisor, FlowBrick or Flow Visor
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hypervisors are typical representatives of this group. Physically distributed
multi-controllers are controllers running as separate instances. Logically distributed multi-
controller is a cluster of SDN controllers that are responsible for different domains and
perform various functions. Depending on the functionality, they can have hierarchical
(Kandoo) or flat (ORION) architecture. Logically centralized multi-controllers performs
a single task in one domain, which is distributed between them depending on the total
load. They can have both a dynamic structure (the number of instances increases and
decreases as necessary) — DISCO, ONIX, ONOS, and the static structure (the number
of instances is invariable) — Elasticon, HyperFlow. Representatives of this class have flat

architecture.
SDMN architecture.
lultiple controllers.
Physically centralized Physically distributed
Logically centralized Logically distributed

Dynamic architecture w
Flat architecture Flat architecture Flat architecture Hierarchical
architecture

Fig 1. The classification of multi-controllers

According of the above-mentioned review of controllers, the distributed system can
be developed with the help of:

e hypervisors — physically centralized controllers;

e special applications functioning as a mediator between the controller and network
applications (HyperFlow);

e special controller core modules linked to corresponding module of another controller
via TCP channel. Most multi-controllers function this way.

The last approach is the most scalable and fault-tolerant. Developers implement
it using publish-subscribe event notification mechanism. Synchronization is achieved by
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updating the information on the monitored SDN and the actions performed on it between
different controllers.

Despite the fact that the main ideas of the SDN approach are the vendor dependence
reduction and centralized network management, the developers of distributed controllers
again impose a restriction that involves using only their multi-controller. On the one
hand, there are hypervisors that can solve this problem, but they do not solve the
bottleneck problem. On the other hand, modern controllers are just a tool for collecting
information and installing logic into network applications, while controllers and network
applications are controlled by a higher-level entity, for example, the ETSI MANO standard
solutions. Thus, to make this system to functioning properly, both highly qualified
specialists and equipment of the data center level are required.

A possible solution for creating distributed interaction between different controllers
and various network applications, without using a higher level entity capable for managing
a distributed SDN that is not a data center, is the creation of a unified kernel module
which should follow several requirements. Firstly, the interaction between controllers and
network applications must be performed using the RPC method, since many controllers
already use it. Secondly, the interconnection between the modules should be performed
via an encrypted TCP channel. Thirdly, the module must have different APIs for
interaction with various controllers and network applications. In fact, this module should
become a distributed hypervisor at the core level of the controller with the ability to
interact with network applications.

3. Conclusion

To create a unified kernel module, the authors developed the PreFirewall [12] network
application and a random rule generator for the firewall of the Floodlight controller core
module. The generator allows you to simulate the interaction of an arbitrary network
application with the SDN controller. In addition, the external module of the Floodlight
controller core Topology Tracker [13] was developed for storing and exchanging
information on the current network topology. It also allows subscribing to events of
a similar module with a distributed controller. The authors designed an external module
of the Floodlight SDN controller called DEventBus [14]. It is able to send events that
occurred in module Topology Tracker to network applications signed for them. The
DEventBus module is a prototype for the organization of interaction between multi-
controller and network applications.

In the future, the authors are planning to unify this module for organizing multi-
controller interaction. For this purpose, we are going to implement various API algorithms
for checking the availability of resources, opening and supporting communication channels.
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Awnnoranus. ITporpammuo-koudurypupyemas cetb (IIKC) — 310 mepenekruBHast mapajurma yrpas-
JIEHUsI CEThIO, B KOTOPOIl JIJIsl TIOBBIIIEHNUSI [TPOM3BOIUTE/IBHOCTA YPOBEHD YIIPABJIEHUSI CETHIO OTIIEJIEH
OT YPOBHs IIE€peadu JAHHBIX U PEAJIM3yeTCs IPOTPaMMHO Ha BbIJeJeHHOM cepBepe. Hecmorpst Ha oue-
BUIHBIE TPEUMYIIECTBA ITOIXOa IEHTPAIN30BaHHON apxuTekTypbl yupasienus [IKC, ona cozmaer HO-
Bble MPOOJIEMBI, CBSI3AHHBIE C HAJEXKHOCTHIO, MACIITAOUPYEMOCTBIO, OTKA30yCTOWIUBOCTHIO U WHTED-
o1epabe/IbHOCTbIO CEeTU. DTU MPODBJEMBI BCTAIOT OCODEHHO OCTPO JIIs OOJIBIUX CeTeil J1aTa-IEeHTPOB
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¥ perraiTcs myTeM o0beanHeHusi HecKoybKux KoHTposutepoB [IKC B kitactep, Ha3bIBa€MBbIil MyJIbTH-
KOHTpoJutepoM. B manmoit ctaThbe mpeacTaBiieH 0030p HEKOTOPHIX HAMOO/Iee TMOMYJIAPHBIX MYIbTA-KOHT-
posutepos IIKC, BbIe/ieHbl UX CHIBHBIE U CJIa0ble CTOPOHBI, 8 TAKXKe MPUBEIEeHA KJIaCCU(DUKAIIS WC-
[I0JIb3YEMBIX VMU TIOXO0/I0B K OPraHU3allly PACIPEIeIEHHOr0 B3auMoeicTeus. [logpobHo paccMaTpu-
BaIOTCs PA3JINYUsi MEXKJY HECKOJbKUMHU TUIAMHU aPXUTEKTYP MYJIbTH-KOHTPOJLIEPOB, CPEI KOTOPBIX
eCTh KaK HAaXOJAInecsd Ha Tane pa3paboTKU, TaK U YCIENHO (PYHKINOHUPYIONINE B JTAHHOE BPEMs B
JaTa-TieHTpax. ABTOpPBI Ha TIpUMepe pa3pabOTaHHOW UMU KJIACCU(MUKAIUN MYyJIbTH-KOHTPOJLJIEPOB MOKA~
3BIBAIOT, 9TO, HECMOTPs Ha HAJIMYAE HEOCIIOPUMBIX MPEUMYIIECTB, BCE PACCMOTPEHHBIE KOHTPOJIIEPHI
UMEI0T HeJOCTaTKU, KOTOPbIe HeO6XO)ZLI/IMO yYCTPpaHUTD. yCTpa.HeHI/Ie JIaHHBIX HEJOCTAaTKOB IIOMOXKET pa3-
BUTHUIO MYJIBTH-KOHTPOJLJIEPOB W CJeJIaeT BO3MOXKHBIM WX IMUPOKOE KCIIOJIH30BAHUE B KOPIOPATUBHBIX
ceTsX. B 3ak/iroueHrne aBTOPBI TPUXOAAT K BBIBOIY, UTO HA, JMAHHBII MOMEHT HejIb3sl HATH pelreHue,
crtoco0OHOE B TIOJTHOM Mepe PElnuTh Bee mocTaBieHHble 3a1aqn. CTaThs MyOIMKyeTCs B ABTOPCKOI pelak-
17078
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Awnnoramusa. B coBpemennom mupe 3h@PEKTUBHOE WMCIOJH30BAHIE SHEPTOHOCUTEEH SBJISIETCS
KpaiiHe Ba>KHBIM aCIIEKTOM Y€JIOBEYECKO JeATeTbHOCTH. B 4acTHOCTH, CUCTEMbBI TENJIOCHAOKEHNS NMe-
10T 3HAYNUTEIbHOE SIKOHOMUYECKOE, SKOJIOIMIECKOE U COIMAIbHOE 3HAUEHNE KaK JIJIsl II0TpebuTeseil Teria,
TaK W i TeryiocHabKarommx opranusdanuii. Ot ahderruBHOCTH DYHKIIMOHUPOBAHUSI CUCTEM TEILIO-
CHA0OXKEHUsI 3aBUCUT SKOHOMIIECKOE COCTOSTHIAE BCEX YIACTHUKOB IIPOIecca TeriocHatKenusi. OT HaIeK-
HOCTU (PYHKIIMOHUPOBAHUS CHCTEM 3aBUCST 2KM3HEHHO BaXKHbBIE ITPOTIECCHI, TAKIE KaK paboTa OOJIBLHUIL 1
MIPOMBITIIEHHBIX mpeanpusaTuit. [Ipu Takoit TecHOI ceTeBO KOMMYHHUKAIMN KPUTHIECKU BayKHO 6€30T-
Ka3Hoe u 3 dexTuBHOE (PYHKIIMOHUPOBAHNE CUCTEM dHEProcHaOKeHusI. B JanHoit cTaThbe pacCMOTPEHBI
IIyTH TOBbINIEHUs 3(OEKTUBHOCTA PabOTHI cucTeM TeliocHabykenus. [IpecraBierHa MareMaTudeckast
MOJIEJIb [IJTsl TUTAHUPOBAHUST PAOOTHI CHCTEM TEIIOCHAOXKEHUS [Ty TeM TOIKTI0YEHIsT OMITHMAJIBHOTO MHO-
2KeCTBa HOBBIX mOTpebuTeseil Temra. g OTAeIbHO B3ATOrO MOTEHIMAJIBHOTO MOTPEOUTENS, KaXK bl
pa3, KOorja BO3HUKAET aJbTePHATHBHBIA BAPUAHT IOJKJIIOYEHHUS STOTO MOTPEOUTENs K CYNIECTBYIOMIEN
TEIJIOBOH CceTH, BO3MOXKHO BBIOPATH €IMHCTBEHHOE OIITUMAJIHLHOE PEIleHrne. JTO CTAHOBUTCS BO3MOXKHO
3a CYET HAJIOXKEHUsI OFPAHUYEHUN U IIPOIEIyPhl 0TOOPa BAPUAHTOB U3 IOIMHOXKECTBa OMHAPHBIX IIepe-
MEHHBIX, COOTBETCTBYIOIMUX aJjbTepHaTuBaM. [IpencraBiena mporeaypa MOUCKA ONTUMAJIBHOTO YUCIIA
moTpebuTesteil st MOAKIIOUEHUS K CYIIECTBYIOMIEH TEIJIOBONW CeTH, SBJISIONAsICA OOOCHOBAHUEM [IJIsT
yBeJIMYeHns YUC/Ia CyIecTByomux norpebureseii. Ilposeseno TectupoBanme n mpeacTaBiIeHbl Pe3YiIb-
TaThl PAOOTHl MATEMATHYECKOH MOJENN HA IIPUMEPE TECTOBBIX TEIJIOBBIX CeTell, CKOHMUIYPUPOBAHHBIX
Ha OCHOBE PYYHOI'O BBOJIA OCHOBHBIX YCJIOBHil 1 mapamMeTpoB paboTbl. OrpejesieHbl HAIIPABJIEHUS J1aJIb-
HEHINX UCCIe0BaHUI IO TOBBIMEHUO 3(PMEKTUBHOCTH CUCTEM TEIIOCHAOXKEHUS] U WHTETrPAIUH IIPE]I-
CTaBJIEHHOM MaTeMaTUYeCKON MOJEIN ¢ COBPEMEHHBIMH IPOI'PAMMHBIMU KOMILIEKCAMU.
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BBenenue

Cy1ecTByrolue MeTOJMKE TIPOEKTUPOBanus u pacuera [1-2| cucrem rernsiocHabkeHust
HE ITO3BOJISIIOT C BBICOKOI CTEIeHbI0 TOYHOCTHU ILIAHUPOBATH PabOTY TEILIOBBIX ceTeil ¢
MUHUMAJTbHBIMU U3JIEPKKAME U3-38 OOJIBIIOIO KOJTMYECTBA HEYUTEHHBIX (PaKTOPOB JIJIs
KaXKJI0i OTJIeJIbHO B3ATOH cucTteMbl. [loTpeOHOCTD B onTUMU3aINT PAOOTHI TAKIUX CHCTEM
06yCJIOBJIEHA BBICOKOI CTOMMOCTBIO T€HepaIii TeIIa i TPOrHO3UPYeMbIM (3] pocToMm 1ieH
Ha SHEPTOHOCUTEJIN.

B cBa3u ¢ morpebHOCTHIO B ONTHUMUBAINN CYIIECTBYIONINX TEIJIOBBIX ceTeil B JlaH-
HO#l paboTe paccMaTpUBaIOTCA BOMPOCHI BHIOOPaA ONTUMAJILHOIO MHOYKECTBA HOBBIX ITO-
TpebuTeseil I MOJIKIIOUEeHNs K CYIIECTBYIOIIEH crucTeMe TeIJIOCHAOKEHUS 1TPH MaKCH-
MU3alNN peajin3yeMoil TEIJIOBOI SHEPTUM U MUHUMHU3AIAHN 3aTPAT Ha PEKOHCTPYKIIAIO
TeIrIoBbIX cereit. C IMOMOIIBIO MIPEICTABICHHON MaTEeMaTUIeCKON MOJIEIN TOIK/TI0UEeHNs
ONTUMAJILHOTO YUC/IA MOTpeduTesieil, a TakxKe MPOIeyphl MOUCKA ONTHMAJILHOIO “UC-
Jla, IOTpedUTe Iel, MPOU3BOJUTCA PACUET COCTOAHHUS YCTOWYMBOTO (DYHKITMOHUPOBAHUS
CUCTEMBI C YyYETOM TEXHUYECKUX TPEOOBAHUI K CYIIECTBYIOIIEH cucTeME.

1. IlocranoBKa 3aJilauM MCCJIeJOBAHUSA

Bajada uceie0BaHmst — BEIOOD ONTHUMAIBLHOTO MHOYKECTBA HOBBIX TIoTpebuTeseit opt(Vp)
JUIsl TIOJIK/TIOUEHNS K CYIIECTBYIONIEH CucTeMe TerIoCHAOKEeH s P MAKCUMU3AIIN Pe-
asm3yeMoil remioBoii sueprun max(PI,) u MUHAMM3AIMN 3aTPAT HA PEKOHCTPYKIUIO
cereit min(C,).

Baiava COCTOUT B OIPEIEIEHNN IIOAMHOXKECTBA, TOTEHIINAIBHBIX IOTpeOUTE e, KO-
TOPBIX HEOOXOIUMO TOJIKIIOYUTE K CYIIECTBYIONICH TEILJIOBON CeTH, JIjIT MAKCUMU3AIINH
o0beMa peaTu3yeMoit SHEPTUH TP OIIPE/Ie/IEHHBIX TEIIOTUIPABIMIECKIX BOBMOKHOCTIX
TEIIOBOIi CeTH, B COOTBETCTBHUU CO BCeMU TpeboBaHUsIMU [4] K KauecTBy yCIyT, SKOJIOIHH,
0e30ITaCHOCTH, TPEIbAB/IAEMbIM K TEILJIOBBIM CETSM.

ObocHOBaHMEM IS YBEJIMUEeHNs THCIa CYIEeCTBYIOMNX TOTpedbuTe ell, a 3HATINT, Ha-
pAIUBaHUS TEIIONPON3BOINTEIHHOCTH TEIJIOBOI CeTH SABJISETCS COMOCTaBJIeHNe (hak-
TUYEeCKUX U MAaKCUMAJIbLHBIX TOKazaTeseil (hyHKIMOHUPOBaHUs TerioBoil cetu. Vnjekc

S S
dakTuIecKoro u Fact 1 MHIICKC IIOTEHITTAJIBHOTO Uy, UCIOIB30BAHUA PECYPCOB CYIIECTBY-
IOIEeNl CUCTEMBI TEIJIOCHAOXKEHUS SBJISAIOTCS YCIOBHBIMU OOOOIIEHHBIMU TTOKA3aTEIAMU

CTeIlleH! 3aIl'PY2KEHHOCTHU TENJIOBOI CEeTH.

s s

Ecsm o pe3yJibTaTaM aHaJIu3a ufact Z upotn — TEIlJIOBasd CETb IIEPETrPYyKEHa UJIN Pa-
o s s

poTaeT Ha upezejie CBOuX TEXHUYIECKUX BO3MO2KHOCTEU, IIPpU ufact < upom CyaiecTsyeT
BO3MO2KHOCTDb YBEJIMIUTDH TEIJIOIIPOU3BOAUTECIBHOCTD TEIJIOBOM ceTu, a 3HAYIUT, ITOIKJIIO-

YUTH IIOTECHIINAJIbHBIX HOTpe6I/ITeJIeI71 TeIlJla:

(Qnazr 0P VP)) &y 1L, Cr; (1)

max? sum?

Upotn (B(7))

u;act(R<I>) = (Qf‘act? Ct) |£§um7 RIZ7 Cr~ (2)

Ecmu ug,,, (R(7)) >uf,.(R(z)), Torma mocTaHoBKa ToA3a/1avu OTPeJIe/IeHNs OIITH-
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MaJIbBHOI'O MHOZKECTBa IIOTCHIMAJILHBIX HOTpe6I/IT€JIeI7I B 06HL€M BHIe 6y,ZL€T BBITVIAOETD
TaK:

Opt(‘/;,) = ( TSTLa$7 Opt(%)? R(x)ﬂégum? R[“ CT? (3)

rae QF,.. » opt(V,) — Kpurepnu ONTHMAJBLHOCTH HOCTaBJICHHO 3a1aun, R(x) — pekum
ycroitanBoro dbyHKImoHUpoBaHust cucteMbl, R n := (0,1), i € I — ucnpaBHOCTb HEPE-
3EePBUPYEMOI0 1-3JIeMeHTa cucTeMbl, (), — SKOHOMUYECKHE OrpaHuYeHusd B OOIINEM BHJIE,
Sum — COBOKYIIHOCTBH MHTEPBAJIBHBIX (DAKTOPOB, BIUAIONNX Ha (PYHKINOHUPOBAHUE CH-
CTEMBbI TEILJIOCHAOKEHUS.
Pexxum (R(z)) GyHKIIMOHUPOBAHKSI CHCTEMBI TEILIOCHAOYKEHUS TIPEJICTABJISET CODOi
ompejiesleHHbI Habop mapameTpos paborel (Flz, ..., Fkx) , m3MeHeHHe KOTOPBIX 3aBU-
CUT OT MU3MEHEHNs MHTEPBAJIbHBIX (PaKTOPOB & .

CrpyKTypa BHENIHUX W BHYTPEHHUX MHTEPBAJIbHBIX (DAKTOPOB, BIUAIONIUX Ha, IPO-
niecce rertocHabkenust: £, = (€51, &5, 85,85, &5, &2), vae £ — BEKTOD TeIJIOBOI HATPY3-
KN Ha OTOILUIEHHME B MOMEHT BpeMeHH t; £, — BEKTOD TeIIOBON HArpy3KH Ha ropsdee
BOJIOCHAOKEHNE B MOMEHT BpeMeHH t; &5 — BEKTOD pacXo/la CETEBOIl BOJbI B CUCTEME B
MOMEHT BpeMeHH t; {3 — BEKTOp TeMIIepaTypbl BHEIIHEl cpeJlbl B MOMEHT BpeMeHN t;
€ — BEKTOD HENCIIPABHOCTEN N-3JIeMEHTa CHUCTEMbI S B MOMEHT BpeMeHH t; £~ BEKTOD
HeWCIpaBHOCTEN B i-y3JIe.

2. Maremarudeckas MOAd€eJIb CUCTEMDbI

[IpescTaBuM MaTeMaTUIECKYIO MOJIE/b TOJIK/IIOYEHNs] OIITUMAJIBHOTO YUCTIA TOTPeOnTe-
Jiell, OCHOBaHHYIO Ha I'PaAOBOM IPEJICTABICHUN CUCTEMbI TEILIOCHAOXKEHUS, B KOTOPOI
y3JIbl U JIyT'U rpada COOTBETCTBYIOT HEKOTOPBIM 3JIEMEHTAMU WJIM TPYIIAM 3JIEMEHTOB
ceTn TeryocHabxkenus. PucyHok 1 wimocTpupyeT npumMep rpadoBOro IpeacTaBIeHUs
cxeMbl cetu TertocHabkennst. Kaxkapril y3es1 (06bIMHO 9TO TeIioBasi KamMepa, N TeILIo-
BOIl IIYHKT) TEIIOBOI CEeTH IPEJICTaB/IeH Ha rpade B BUJE MAPhl Y3JI0B: OJIUH C TIOJIOKHU-
TEJIbHBIM WHJIEKCOM aCCOIUMUPYETCA C IUTAIOIIEe JUuHUeld, BTOPON HNapHbId y3esJl uMeeT
OTPUIIATE/TLHBIA MHJEKC U acCOIMUpYyeTcs ¢ oOpaTHBIM TpyOorpoBojioM. ['padoBas Mo-
JIeJIb CUCTEMBI TIO3BOJIAET UJIeHTU(MUIIUPOBATH UCTOYHUK TEILIa, OTpeOUTe /el Teria 1
IIPOMEKYTOYHBIE y3JIbl TEILJIOBOU CETH.

Opuenramnus ayr rpada COOTBETCTBYET HAIPABIECHUAM JIBUYKEHHUS TEIJIOHOCUTEIS
B IUTAIONIEN W BO3BPATHON JIMHUM TeIIOBOW ceTu. CyIIecTBYIOIINE CBIA3M OTMEUYECHBI
CILJIOTITHBIMU JTyTaM#, TOTEHITUAIbHBIE CBA3M C IMOTEHITUAJILHBIME TOTPEOUTEIAMUI OTMe-
4JeHbl Ha rpade MyHKTUPHBIMUA JIMHUSMU.

KowmmionoBka 3/ieMeHTOB CYIIECTBYIOIIEH TEIJIOBOil CeTH CBsI3aHa C HaYaJIbHOW KOH-
duryparnueii u3 0JIHOrO WM HECKOJbKUX UCTOYHUKOB TEILIa U TOJKIIOYCHHBIM K 9TUM
HMCTOYHHMKAM TeILIa MHOXKECTBOM IIOTpeOHUTE el Terla.

Hauno: opuentuposannbiii rpad G = (V, A), rue V— mMuoxkecTBO y37108B, A — MHO-
»kecTBO pedbep rpacda. MHOKECTBO y3/10B BKJIIOYAET B €0l Y3JIbI U C HOJOKUTETHHBIM
nHJeKcoM v > 0, TpuHa ijIexKaline TUTaIoNel TUHUA TEIJIOCETH, Y3JIbl C OTPUIATEIHLHBIM
MHJEKCOM — v, IIPUHA/IJIeXKalllie 00paTHO JUHUN TersioceT. MHoxKecTBO V' pacKjiabl-
Ba€TCd Ha PAJ COOTBETCTBYIOIMIUX IMOAMHOZKECTB!:
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Puc. 1. I'padoBoe npecrapienne TUIIOBOI TEILJIOBOI ceTH

Fig. 1. Graph representation of a typical heat network

‘/] — MHO2KECTBO NCTOYHUKOB TeEILJIa,

Vs — MHOXKECTBO y3JIOB CYIIECTBYIOMNX ITOTpeOUTE e Tera,;

Vp — MHOXKECTBO Y3JIOB IOTEHIMAIbHBIX IIOTpeduTe el Tera,;

VI — MHOXKeCTBO y3JI0B TeILIOBLIX Kamep, Vi = Vg U Vrp,

rie Vg — HOAMHOYXKECTBO CYIIECTBYIOIIUX Y3/I0OB-TEILIOBBIX KaMep;

Vrp — MOJIMHOXKECTBO MOTEHITUAIBHBIX Y3J/I0B-TEILJIOBBIX KaMep;

VE — MHOXKeCTBO BCeX CYIIECTBYOIINX y3JI0B TEIJIOCETH, BKIIIOYAasl MOTpebuTe el Tera,
Ve =VsUVrg.

MmozkecTBO 1yr A B CBOIO OYepe/h PACK/IaIblBacM Ha IATh IOJIMHOXKECTB:
A=ArUAsUArUApU A;.

MuoxkecrBo Ap = Apgp U App BKIIIOUaET BCe JTUHUU OJAIOIIET0 TPYOOIIPOBOIA, KAaK Cy-
IIIECTBYIOIIHE — ITOJIMHOKECTBO App, TaK M MOTEHIIHAJIBHBIE — ITOIMHOXKECTBO App.
MuokectBo Agp = Arp U Arp BKIIIOUaET BCe JIMHUU OOPATHOIO TPYOOIPOBOJIA, KAaK Cy-
ecTByIoNme Arg, TaK U MOTEHIIUAIbHBIE ARp.

Anajsormano Ag — MHOXKECTBO CyIIECTBYIOIIMX KOHIEBBIX JIMHHUI TerioodMmena, Ap —
MHOXKECTBO IIOTCHIIMAJIbHBIX KOHIIEBBLIX JIMHUI TeHJIOO6MeHa7 A[ — MHOXKECTBO JIMHUIA
TPyOOIPOBO/Ia HA UCTOUYHUKAX TEILIA.

Crpoc Ha Temao Kazxjoro orjieasHoro norpeburens v € (Vg U Vp) paccantbiBaem
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B BHJIc TPeGYEMOr0O TEILIOBOTO HMOTOKA i, TEIJIOHOCUTEJIsI, COOTBETCTBYIOIIEIO JIyre Pac-
4eTHOro norpeburens e = (v, —v) € (Ag U Ap).

Ob61mas jyra JIMHAN MOa4K Teria 0bo3HauaeTcst Kak € = (i, j) € Ap , a COOTBETCTBY-
folas Jyra JUHAE 00paTHOrO TpybonpoBoia obosHauaercst kak r(e) = (—j, —i) € Ag.
Hyru, coepunsitomue norpeburesneii (v, —v),v € (Vs U Vp). dyru B myHKTax reriocHad-
JKEHNUsT TIPeJICTaBIeHbl Kak (—v,v),v € V7. s Kaxaoii JIyru, OTHOCSIIEHCs K JIMHIN
Tpyborposoia e = (i,7) € (Ap U Ag), onpesiessieM OObIIHYIO OPUEHTAIUIO OT y3J1a i JI0
y3Jaa j, rae ¢ < J.

DKOHOMUYIECKHUE MTApPaMeTPhl MATEMATHIECKON MOJIEIN: PUOBLIL OYIYIINX [I€PUOJIOB
OT IMOJKJIIOYEHHUS MOTEHIINAIbHBIX TOTPeOUTE el K CeTU TEIJIOCHAOXKEHU, 3aTPaThl Ha
MOHTaK M HaJIJIKy TEIJIOBBIX CceTell JIJId MOJIK/II0UEeHNs TTOTEHIINAIbHBIX TOTPEOUTEICH.
Jlnst KaxKJIoi ayru, CBA3BIBAIOINIEN TEINIOOOMEHHUK C MOTEHIMATbHBIMI [TOTPEOUTEITIMHI
(e = (v,—v) € Ap), mapamerp R, o3HAYaET IUCTYIO HPUOBLIL OT MOJKIIOYEHHS STOM
Jiyru K TerioBoii cetu. [lapamerp ducToil npubbLIM 03HAYAECT PA3HOCTD MEXKJTY JI0XO/I0OM
OyyIuX 1eprooB (BIOHMpaeTcst pacaeTHbIil BpeMenHoit ropu3oHT T, obpraro 10 ser n
6oJiee) OT peasm30BaHHOl TEIIOBOIl SHEPIUH MOIKIIOYEHHBIM OTEHIUATBHBIM HOTPEOH-
TeJIsIM U 3aTpaTaMy Ha TeXHUYIECKOe TIOJKII0UeHNe PaCIeTHBIX oTpeduTesteii. Bosee To-
1o, JIJI KazKJ0#i noTeHIma bHol uaun Tpy6onposojia (ayru e = (i,5) € App) 3aTpars
C, cOCTABIAIOT OOIYIO CTOUMOCTb MOHTAXKa M SKCILIyaTAIUK STON JIMHUU, BK/IIOUYAst: Ma-
TepuaJbl, TOIJINBO, MOHTAK, IIyCKO-HAJIaJ0UHbIE PAOOTHI, 00C/Iy?KIBaHNE, OILJIATY TPY/IA.
Jl1s1 ypormesns MaTeMaTHIecKoi Mojes OyJieM acCOIMIPOBATH CTOMMOCTD ITPOKJIA KT
[IUTAIOIIEN JTUHUHU TEILJIOBOI CEeTH CO CTOMMOCTBIO IMPOKJIAIKNA CMEXKHOM 0OpaTHOM JIMHUN
TEILJIOBOI CeTH.

Qusnyeckre XapaKTEePUCTUKHA TEILJIOBOI CETU OMUCHIBAIOTCS HECKOJIBKUMU TapaMeT-
pamu. /laBimenue Ha KaxKjoM U3 (PYHKIMOHUPYIOMIMX Y3JIOB TEILJIOCETU JIOJIKHO OBITDH
BBIIIEe MUHIMAJ/ILHO YCTAHOBJIEHHOrO 3HadeHns P™", Toraa Kak Ha KazKJIOM U3 y3JI0B HC-
TOYHUKA Telia v € V; jJaBienne TelJIOHOCUTEIA He JOJIYKHO MPEBBIMATh MAKCHMAaIbHO
Ipejie/IbHOe 3HaUeHNe JaBJIeHus Jjid Hofatomeit munun P**. Kaxkgas gyra, accolumupo-
BaHHas1 ¢ TPyborpoBojoM € = (i, j) € (ApUAg), orpanndena mpeaebHO MaKCHMATBHOMN
TEIJIOBOII HArpy3Koit p'*", 3aBHCAIIell OT JuaMeTpa TPYOBI M 3aJaHHON MaKCHMaJIb-
HO#l ckopocTHu Teryonocutesd. Jms KaxkI0il 1yru, accolmupoBaHHON ¢ TIOTpeduTEeIeM,
e = (v,—v) € (Ap U Ap), yPOBEHb CHUKEHUS JIABJIEHUs JIOJZKEH ObITh BBIIIE TPEJIEJTbHO
MHHIMAJILHOTO 3Hadenus AP™m,

Bajiava ncee0BaHns 3aK/II09aeTCs B HAXOXKIEHNN TTO/IMHOXKECTBA MTOTEHITHATbHBIX
noTpebureseil Tersa, KOTOpble MOTYT ObITh MPUCOEIMHEHBI K CYIIECTBYIONIEN crCcTeMe
TEIUIOCHAOKEHUST B COOTBETCTBUU C TMPUHITUIAMEI MAKCUMU3AIMH YUCTON NPUOBLIA U B
paMKax TeXHUYECKUX BO3MOXKHOCTEN CHUCTeMbI TeIIOCHAOKEHUST 00eCIIeInBATD TEILIO 110~
TpebuTesieil B COOTBETCTBUU C MPEbABISIEMBIMI TPEOOBAHUAMU K 00bEMY TTPEIOCTABIIS-
eMoil TerioBoii sueprun. Kak Ob1/10 CKa3aHO, CUCTEMbI TEILIOCHAOKEHUS TTPOEKTUPYIOTCSA
€ yI€TOM BO3MOXKHOCTH (PYHKITHOHUPOBAHUSA CHCTEMBI B IIMKOBBIX HArpy3Kax. Byjem uc-
[0JIb30BATh OMHADHBIE TIepeMeHHbIe T, ¢ = (v, — v) € Ap, 0603HAYAOIINE COCTOSHIE Y
OT/IeJILHOT'O TIOTPEeOUTE ISl I MHOXKECTBA [TOTpedbuTeieil, £, MpuHIMaeT 3Hadenne 1, ec-
s orpedbutesib v € Vp nojkiouen K cetu, u 0 B uHoMm ciydae. bunapubie nepeMeHHbIe
Ye, € = (i,7) € App obo3HAUAIOT cOCTOsTHUE (DYHKIIMOHUPOBAHUST OT/IEIBHOI MHTAOIIEH
JINHUH TEILIOBOH ceTH, Y, NpUHUMAET 3HadeHue 1, ecjin BhIOpaHHAA JIMHUA TPYyOOIIPOBO-
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Jla UCIOJIB3YeTCd ONTUMAaJIbHO, B mHOM ciydae — (. [ma oTpakeHust THIpaBINIeCKOTrO
peknMa (PyHKIIMOHUPOBAHUS CUCTEMBI OY/IeM HUCIIOJIb30BAThH IIePEeMEHHbIE Y3/I0BOTO JaB-
snennsi P,, v € V| mepemennble norepb jgaBieHus B Tpybax AP,, mepeMeHHBIE TTOTOKA
TeIIoHoCHTENIA B Tpybax m,, e € A. B pesyiabraTe mosydaeM MaTeMATHYECKYIO MOJIEID
QYHKIIMOHMPOBAHUS CUCTEMBI COIVIACHO yKa3aHHBIM HapamMeTpaM paboThl:

f(R:f:) = Z (QZPVEuPv7m/e7x67m;7y67AP6x€>7 (4)
ecVpVe
f(Re, Ce) = mazx Z Rex. — min Z ) (5)
ecAp e€ArppCeye
f(Re) =mazx Y (Rete + Rep), (6)
e€EAp
f(Ce) = min Z (akCeye + bCeye + cCeye + dCeye), (7)
e€EApp
CYPVeE < AC™ Ny €V, (8)
m, = Ve € Ag, (9)
m/e = perVe € Ap, (10)
m, < " rNe € App, (11)
m, < "y Ne € App, (12)
m;(e) = m;ve € AF, (13)
Z m, — Z m, = 0Vv €V, (14)
e=(i,0)EE e=(v,j)€E
P, < Py € V, (15)
P, > P™"y €V, (16)
AP, < AP™™We € Ay, (17)
AP, > AP™™Ye € Ag, (18)

AP, > AP™"x Ne € Ap, (19)
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AP, = fr(m,)Ve € Ap U Ap, (20)
m, > 0Ve € Ap U Ap, (21)
P,>0vv eV, (22)

AP, > 0Ve € A, (23)
QYPVE < 0,85 - QM"Yy €V, (24)
QYP > 0Ve € A, (25)
Q> OVe € A, (26)

Q" < QU*Ve € A, (27)

QY < QU'*Ve € A, (28)

z. € (0,1)Ve € Ap, (29)

e € (0,1)Ve € App. (30)

Henepas dyHKIMST (5) MaKCHUMU3AIUN YUCTON TPUOBLIN IIPU ONTUMAaJIbHONE pabore
CHCTEMBI OIIPEIENIACTCA KaK PA3HOCTHh MEXKJy YUCTON HMPUOBLIBIO OT BBIPYUKU OYIYIIIX
IIEPUOJIOB U CTOMMOCTBHIO TEXHUYIECKOI'O IIPUCOEINHEHUs TOTEHIINAJIbLHBIX ITOTpeOuTe el
K TEILJIOBOI CEeTH.

Orpanmuenns JaHHONH MaTEeMATHICCKON MOJIEIN MOAK/IIOUCHI ONTUMAILHOIO YUCIa
norpeduTeseil MOryT OBITH CTPYNIMPOBAHLI B YeThIpe KaTeropuu. B meppBoil Kareropun
orpammienus (9) u (10) ompesesaoT pacxos m, B p-y3/1ax, OTHOCSAIIUXCS K IOTpeGHTe-
JISIM: CYIHECTBYIOIIMM IOTPEOUTEISIM, Y3JI0BbIE PACXOAbl KOTOPHIX OIPEIEJIeHbl pacder-
HBIM TEILIOBBIM CIIPOCOM 3THX moTpebureseii. Bmecre ¢ TeM x, = 1 111 IOTEHIMAIBLHBIX
norpebuTeseil TOJILKO B TOM CJIydae, KOrJa 9TU MOTEeHIUAIbHBIE IIOTPEOUTENN y2Ke O
KJIOUEHBI K CyInecTByforeil rerioBoii cern. Hepaserncrsa (11), (12) ompeensior Bepx-
HIOIO I'DAHMILy TEILIOBOIO IIOTOKA CeTH. TaM, Ijie BepxXHss I'PaHHMIA TEIIOBOIO IOTOKA
paBHa HYyJIIO, — IIOTEHIUAIbLHAS JIMHUA TEILIOBOI ceTw He ucroJb3yercd, vy, = 0. Tem-
JIOBO#T TIOTOK obparHOro Tpybonposojia r(e) npunumaer 3nadenue (13) SKBUBaJEHTHO
3HAYCHUIO MUTAIOMICH JTMHUM Ha PACCMATPUBACMOM YUACTKE.

Bropas kareropusi orpaHWYeHHil OTHOCUTCH K y3JlaM TEIJIOBOW CETU M OTpaKaeT
CBA3b MCTOYHWKOB TeIJIa € MOTpPeOUTeaMu 1o TPyOOIpPOBOILY U JAPYTHM SJIEMEHTaM,
OTHOCSIIAMCS K PAcCCMaTPUBAEMBIM y9aCcTKaM TEIUIOBON ceru. Ypasuenue (14) miurio-
CTpUpyeT OaaHC BXOIAIIETO U UCXOJSAIIETO MMOTOKOB KayK/IOTO PACCMAaTPUBAEMOTO y371a
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TEIIOBON KaMepbl. HWKHsIs IpaHulla JaBIeHUs] B y3JlaX TEIJIOBLIX KaMep yCTaHOBJIe-
Ha B (16), B TO BpeMs KaK BepXHHe I'DAHUILI JIABJICHHs Ha i-y3J1aX MCTOYHUKOB TeILIa
yCTaHOBJIEHBI HepaBeHCTBOM (15).

Tperbst KaTeropusi OrpaHUIeHUl OTHOCUTCA K MTOTEPSIM JIaBJICHUS Ha y4acTKax TPY-
6onpoBojia TeroBoil cetn. MakcmMaIbHO YCTAHOBJIEHHOE 3HAUEHUE TOTEPh JABJIEHUS
TEIIOHOCHUTEI Ha MCTOYHWKE TelyiocHabKeHust cojepxxkutesd B (17), Hapsy ¢ MUHH-
MAaJIbHO JIOIYCTUMBIMU MTOTEPSIME JIABJIEHUS KOHIEBBIX CyIlnecTByonwx (18) u morewu-
aJbHBIX ToTpebuTesteit (19). JInneapusoBaHHas 32BUCHMOCTD MEZKIy PACXOJIOM U JIaBJIe-
HUEM B CECTeMe oTpaykeHa B pasencTse (20). BakHO oTMETHTB, UTO CYIIECTBYIOT pas-
JINYHBIE HOPMBI TIOTEPH JABJIEHN /IS PA3JNIHBIX TUIOB U ITpoduiieit TpydbompoBoa, co-
OTBETCTBEHHO pa3Hble TPoduIn Tpyd B JTaIbHENRIEM PA3BUTUU MATEMATHIECKON MOIEIH
JIOJIZKHBI ObITH OIMCAaHBI, HAIIPUMED, CPEJICTBAMU BbIOOPA KOHTPOJILHBIX TO4YEK bg...h, 1
AITPOKCUMAIUK (DYHKIIUK TTIOTEPH JABJIEHUs B CHCTEME TeIJIOCHAOKEHUs 10 OOJIbIIeMY
KOJIMYECTBY KOHTPOJIbHBIX TOYEK JIJIsi 60JIe€ TOYHBIX PE3Y/ILTATOB.

Yersepras rpymnna orpanndennii (21), (22), (23) Briiodaer B cebst MHOKECTBO HUZK-
HIX OIEHOK JIJT HENTPEPBIBHBIX ITEPEMEHHBIX PacXo/la TEIJIOHOCUTEIA U JTaBJIEHUS B TPY-
6orposo/ie. I[Ipucsoenne GUHAPHBIX TIEpeMeHHbIX yKasbiBaeTcs B (29), (30).

[IpescraBiennas BhIe MaTeMaTUIECKasd MOJIE/b TOIKIIOUEHN ONTUMAJIHBHOTO THC-
Jla, IoTpedbuTe el nMeeT OOIIUl BUJ U HE ITO3BOJISIET PENIaTh IMPUKJIAIHbIE 3a/1a9d IIPO-
BEPKH BO3MOXKHOCTH IIOIKJIFOUEHHUsT TOTEHITUAIBLHBIX IOTPeOUTE el K TEILJIOBOM CeTH. DTO
CBSI3aHO C HEIIOJIHOTOHM MaTeMaTHuIecKoi MojIesin cucTeMbl. Tak, HalpuMep, HallpaBJieHre
MIOTOKA TEIJIOHOCUTE IS BJIOJIb MTOJAOIIEH U 00paTHOW JJUHUKA TPYOOIIPOBOIA OIIPEIeICHO
HesgBHO. [lJis1 olpejiesieHnsI HaIIpaBJIEHUA IIOTOKA B PacIpPele/IUTeIbHBIX U MaIuCTpasib-
HBIX CeTHAX HUCIOJIB3YIOTCs COOTBETCTBYIONINE OMHApHBIE epeMeHHble. Kpome Toro, 1e-
pPEeMeHHbIE JIaBJIEHUS U II€pEMEHHbIE PacXo/ia JJIsi CYIIECTBYIOIINX y3/I0B TEILIOBOH CeTH
JIOJI?KHBI OBITH JyOJIMPOBaHBI JIJIsl TIO/Ia0IIel 1 0OPaTHOM JTUHNAI COOTBETCTBEHHO, YTOOBI
y4ecTh HallpaBJIeHUE TOTOKA U MOTEPU JIABJIEHUS B PACCMaTPUBAEMOM HAIlPpaBJICHHUH.

Hekoropble npakTuyeckue TpeboOBaHUsl, IIPeIbsBIseMble K CUCTEMe TeIIoCHaOkKe-
HUSI, MOTYT ObITh BKJIIOUEHBI B IIPEJCTABICHHYIO MATEMATHIECKYIO MOJIE/b ITOKIIOYe-
HUSI ONTUMAJIBHOIO YHC/Ia MOTpebuTesiell BBeleHneM orpannvenuii. BeeieHbl orpanunte-
HUsA, 00YCJIOBJIEHHBIE OTPEOHOCTHIO B OPAHMYEHUN MAKCUMAJILHON BEJIMUUHBI JIABJIE-
HUsI TEIJIOHOCUTE/S Ha OTJEJbHBIX yIacTKaxX TeIioBoil cetu anagoruduo ¢ (15), (17)
JyIsl TIOJIMHOXKECTBa y3JI0B U Jyr rpadoBoil Mojesnn TemioBoi ceru. st ydaera crou-
MOCTH TIepeJIadll TEelJIOHOCUTE IS, YIeTa MUHUMAJIbHBIX 3HAYEHHIl pacxola U JaB/IeHns
TeIIoHOCUTE IS JI00aBIIsIeM B TIeJIeBYI0 (DYHKIMIO [PEJICTABICHHOM MaTeMaTHIECKO MO-
JIeJTH TIPeJIeIbHBbIE OPAHUYEHUS U CTOMMOCTHBIE BEJIMIUHbI, TIOJXOJIAIINE JJIsi OTIEIbHO
B3sITOTO [IPUMEPA TEILIOBOii CeTH.

SKOHOMI/I“IQCKI/IG ITapaMeTpbl TaKzKe JTOJI2KHbI 6bITb Y4TEeHbI IIyTEM ,ZLO6aBJIeHI/IH orpa-
HUYIEHUI Ha COBOKYITHBIE 3aTPaThl HA PeaN3alliio TPOEKTa, TOAKIIOUEHNUST TOTEHITHA b
Horo norpeduTesiss. O6beM COBOKYITHBIX 3aTPAT MOYKET CUJILHO Pa3IndaThCd JIJI OT/IE/b-
HBIX [IOTEHINAJIBHBIX TIOTpebuTe el (HaIpuMep, 9aCTHOTO CEKTOPA UJIH TPOMBIIILIEHHOTO
HpeﬂHpI/IﬂTHH) 1 3aBUCHUT OT COI'JIaCOBaHUA 061)eMa d)HHaHCI/IpOBaHI/IH C IIOTeHI M aJIbHBIM
noTpeduTeIeM.

CToMMOCTD MOJKJTIOUEHHsT OTIEJIBHOTO y3J1a (OpMHUPYeTCs CaeyonmmM oopasom (31):
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v a b c d
Ce(n) =k- (Ce(n) + Ce(n)) + Ce(n) + Ce(n)’ (31>

rie Cf,) — YCPEIHEHHas CTOMMOCTD OJ{HOIO MeTpa HPsMOil 1 0OparHOil uHui Tpy©o-
IPOBOJIA, BKJIIOYAs 3aIllOPHYIO apMaTypy u T.J1.; Cg(n) — CpeJIHSST CTOUMOCTD ITPOKJIAJIKN 1
IIOrOHHOI'O METPa TEILJIOTPACCHL B OTIEIBHO B3ATOH MECTHOCTH; k* — JIJIMHA JTMHUYU TEILIO-
TPacChl JI0 oTpebuTesist (M); Cec(n) — COBOKYIIHBIE 3aTPAThI HA 00BOJL NHMPACTPYKTYPHBIX
1 KOMMYHUKAITHOHHBIX 3JIEMEHTOB, BOCCTAHOBJIEHNE JIOPOXKHOTO MTOKPBITUS U T.JI.; C’g(n) -
COBOKYIIHBIE 3aTPATHI HA MOJCPHUBAINIO HCTOYHIKOB TEILIA.

Jl7s1 perrenus TaHHO# 38441 HCIIOIB30BAH AJITOPUTM IIepebopa JIIs CY2KEHHs MHO-
JKECTBA JIOIyCTHMBIX PEIIeHHIT [[Is KazKI0r0 HOTEHINAIBLHOTO TOTPEOUTENs, C HEIbIO CO-
3JIAHMS ONTUMAIBHOTO CIIEHAPUST IOAKIIIOMeHnsT. [I7Is1 perenns og00HbIX 3a,1a4 IIIPOKO
HCIIOJIb3YETCsT MeTOJ] BeTBeil u rpanuil (6], mosTomy gaiee GyaeT HCIOJIB30BAH UMEHHO
s10T MeToa. OTHesbHO pelraeTcs 10/3a/1a4a TPACCUPOBKH OT MCTOYHUKOB TeIlTa K I[10-
tpeburessam [7].

JnanazoHbl 3HAYEHWI pelieHs 110 BepxHeii rparurie (32) 1 9BPUCTUIECKOTO PEIeHnsT
(33) BBIYUCIISIIOTCST CJIEIYIOIIUM 06pa30M:

F(U) = (U~ 2)/Z - 100, (32)

FH) = (H - 2)/Z - 100, (33)

rie U — skcTpeMaibHOE 3HAYEHME 110 BEPXHE IPaHuIle JUala30Ha JOIMYCTUMbIX PEIeHni,
H - skcTpemasibHOe 3HAUYEHNE IBPUCTUYECKOTO peIleHus, 7 — 3Ha4YeHue ONTHUMAJIHLHOTO
pellIeHud 3a/1a4N.

3. PQBYJII)T&TBI IIPOBEPKHA MaTeMaTn4eCcKon MoOoAdeJIn

g ananmsa IpeacTaBJICHHONR MATEMATUICCKON MOJIEIN IIOAKJIIOYEHUS ONTUMAILHOIO
qrcja nmoTpeduTeseil Ha pa3IndHbIX TEIJIOBBIX ceTsdaX creHepupyeMm Habop u3 100 Terwo-
BBIX CeTell Pa3/IMYHBIX XapaKTepucTukK n Koudurypanmii. Byaem ucnonb3osarh 5 Kiac-
COB TEILIOBBIX CeTeil, XapaKTepU3yIOIUXCA PA3/IUIHON BEJMIUHONM, B YaCTHOCTU KOJIH-
YECTBOM aCCOMUMMPOBAHHBIX C CYMIECTBYIOIIAMU OTPeOUTENsIMA Y3108 V. Paccmorpum
TerioBele cetn ¢ nokazareseM |Vg| € (100,200,300, 400,500). Jdag kaxkmgoro Kiacca
TEIIOBOI CeTH PacCMOTPHUM 4 Pa3/JUYHBIX BAPUAHTa KOJUYECTBEHHOI'O COCTaBa IIOTEH-
UAJTBHBIX moTpebuTesieii |Vp|, onpe/iejieHHbIX MPONOPIMOHATBHO |VE| U onmucaHHBIX B
suge: |Vp| = |Vel/2; |Ve| = |VEl; Ve = |VE| + |VE|/2; |Vp| = 2 % |VE|. Hna xaxmoit
napbt |Vp| u |Vg| pacemorpum 5 pasindubix cocTostHuil hyHKIMOHUPOBAHUS, KOTOPBIM
COOTBETCTBYET HEKOTOPLIl HaOOp mapaMeTpoB (DyHKIMOHIPOBAHUSL.

Hna |Vg| npucsanBaeMm ko3 hUIEEHT, COOTBETCTBYOMIN{T OKPYKHOCTH C THAMETPOM
D (kM) remioBoii ceTn, obecreqnBaromieii HOTpeOHOCTH IPYIIIbI CYIIECTBYIOMINX TOTPE-
bureseit, orHocsmuxcs K |Vg|. Bynem cuanrars, ato D = 5, ecim |Vg| < 200, unate D =
10. Kazkmomy y3iy B Ipejiesiax OKpYKHOCTH € uaMeTpoM D mpucBamBaeTcs cirydaiiHast
KoopjmHaTa. Jlyram, COeUHSIONUM y3/I6l 1 0003HAUAIOIIIM JHHIHI TPYOOIIPOBO/IA, IPH-
CBaMBAIOTCS BECa, PABHBbIE EBKJIMJIOBOMY DACCTOSHUIO MEXKJLy Y3JIaMU, 3aMBIKAIOIIIMI
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9TU JYTU. Y3€eJl ¢ HAUMEHDBIUM 3HAYCHHEeM KOOPJMHATDHI 110 OCU abCIUCC PUHUMACTCS
3a UCTOYHUK TellIa. Tak MOXKHO HOJIYYUTh CeHEPUPOBAHHOE JIEPEBO, 0003HAYATOIIEE Tell-
JIOBYIO CETH C OJIHUM UCTOYHUKOM TeILIa, & Y3JIbl — BETBU TOT'O JiepeBa OyayT 0003HAYATD
CYIIECTBYIONMINX ITOTpeOUTENEH Tera.

Jlasee reHEpUpYIOTCs P-y3Jibl, 0003HAYAOIINE T'PYIIIIBI TIOTEHIINAIbHBIX ITOTpeduTe-
Jei, pacrojarapiyecd p4JoM C AyraMy CYLIeCTBYIOIIEH TeIJIOBOM CeTU. P-y3JIbl CO-
€TUHAIOTCA C CYIIECTBYIONIENH TEIJIOBON CEThIO Yepe3 MOTEHIUAJIbHbIE P-IyTU B TOYKE
OJmzKaiiieit K cyrecTByomieil TerioBoil ceru. Kem Gsmkaiiiieit K p-y3/1y sBJseTcs p-
JIyra, TO P-y3e/I MOJIKJII0YaeTCs K TOTeHIIMAIbHOM pP-j1yre, 00pa3ys (hopMy BeTBU JiepeBa.
Kaxkplit cymecTByoONmii 1 MOTEHIIUAIbHBIN TOTPEOUTEh ACCOIMUPOBAH CO CJIYYaitHO
CreHEePUPOBAHHBIM 00bEMOM Terionorpedienus Pl,, paBHBIM 110 CpeJIHEMY 3HAYECHUIO
75 kBt 3a Mecan. OTMeTnM, 4TO Takoe 3HadeHue cocrapisgeT npumepno 60 % or Tumnmy-
HOTO Terornorpebienns. Tpebyemblil pacxo/i TEIJIOHOCUTES BJIOJIb JIyT CYIIECTBYOIIIX
norpebuTesieil BIMUCISIETCA IPU TIOMOIIM OTHOIIECHUI:

pte = PI. /(AT - ¢), (34)
rie AT =27 K, ¢, =4, 18.

Pacxox TertonocuTesist Ha p-ayrax, aCCOIMUMUPOBAHHBIX C IOTEHIIUAIBHBIMEI ITOTPEOH-
TeJISIMH, SKBUBAJEHTEH TpeOyeMOMy Pacxo/ly TeILIOHOCUTE ST B KOHIIEBBIX P-y3J1aX, aCCo-
[IUUPOBAHHBIX C OTEHIMATBHBIMU nToTpebuTessivu. Tnamerp Tpy6 (em), TpebyeMblit 1ist
MOJIK/TIOYUEHUs CYIIECTBYIONIUX U MOTEHIINAIbHBIX ITOTPpeduTeseil, OKPYyTIIsdeTcs JI0 CaeTy-
IONUX CYIIECTBYIOMIUX CTAHJIAPTHBIX 3HAYeHUil quamerpa Tpyborposomga (25, 32, 40, 50,
65, 80, 100, 125, 150, 200, 250, 300, 350, 400, 500, 600). Korma quamerps! u jajmHb TPy6O-
IIPOBOJIA M3BECTHBI, MOXKHO IOCUUTATH UX CTOMMOCTD U OIIPEIe/INTh Ko dumumeHTs K,
K5, ucnoyib3yemble B ypaBHEHUU pacdeTa IMOTeph JABIEHUs BJOJb PACCMATPUBAEMOI'O
TPyOOIIPOBO/IA.

Pesysbrarsl MosiesmpoBaHus IpejiCcTaBIeHbl B Tabunmax [1-2|, onucans! crieHapun ¢
pa3muIHbIME 3HadYeHuaMu Vp u Vg, T1e
- napa |Vp|/|VE| — orHommenne ducia p-y3Jo0B, aCCONMUPOBAHHBIX C HOTEHIUATLHBIMU
HOTPEOUTENISIMUI, K YUCTY BCEX CYIIECTBYIOIIUX Y3JI0B TEILIOBOI CeTH;
- |V4| — cpemee 9uciio cymiecTBYIONUX $-y37I0B, ACCOIMUPOBAHHBIX C CYIIECTBYOMUMU
MOTPEOUTEIIAMU TEILIA;
- con. V), — umciio (WIT.) MOJK/IIOYEHHBIX HOTpebuTe el Tera;
- Vi(pow) — CPeIHee 3HaueHue TpeOyeMoil TeIrIoNnpOn3BOIUTEILHOCTH JIId ObecIeueHns
cymecTByonux norpeburesei (kBt);
- Vipow) — CPeJIHEE 3HaUeHHE TPeOYeMOil TeIIONpPON3BOIUTEILHOCT] JIjIsd 00eCIeueHns
HOTEHIMATBHBIX oTpebuTeseit (KBr);
- con.Vpy(y) — cpejiHee 3HAUCHHE TIOKIIOUEHHEIX OTEHITHATBHBIX OTpeOUTeIel Tela,;
- con.Vy(pow) — CPeJIHEE 3HaUeHne o0l TerionponssouTensuocTn (KBT) s obecre-
YeHUsl MOJK/IIOYEHHBIX TIOTEHIINAIbHBIX TOTpeOuTe el Tera;
- f(U) u f(H) — nuana3oHbl 3HAYECHUIT PeIlleHuii 110 BepXHEil IPAHUIEe U IBPUCTUIECKIX
pelLIeHN COOTBETCTBEHHO;
- B&C' — cpennee 3Havuenne — koymuectBo B&C' y3i10B.

[IpetozkeHbl pa3IndHbIe CIIEHAPUN, PACCIUTAHHbBIE JIJISI PA3HBIX 00beMOB BhIpabaThI-
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BaEeMOI'0 TeIlIa ¥ MaKCHMAJIbLHOI'O YHC/A MOTEHINAIBHBIX y3JI0B, KOTOPbIE MOI'YT OBITH
ITOJIKJIFOUEHBI K CYIIECTBYIOIIEH cucTeMe TeIiocHAOKEeHUS.

Kowmmbioreproe TecTupoBanue MpoBeIeHO ITPU TOMOIIIH ITPOTPaMMHOTO 1mpotyKTa IBM
llog Cplex mys pertenns: Mojiesielt YaCTUIHO-TIEJIOUNCIEHHOTO JIMHEHHOT'O ITPOTPAMMUPO-
BaHWs METOJIOM BeTBeil u rpaxuil [6].

Tabauma 1. Pesyabrarsl BRIIOIHEHHS IEPBOIO CIIEHAPHS
Table 1. The results of the first scenario

Vel/IVE| | |Vs] Vipow)s | Vp(pow)s | con. | con. con. con. fO) | f(H) B&C
kBT kBT Vp Vo) | Vowow)] Vopow) | (%) (%) V3JIBI
kBT (%)

50/100 | 22,00 | 1561 3436 | 35 | 69,20 | 3041 | 88,52 | 0,24 | 0,00 |0,
100/100 | 21,00 | 1621 7553 | 66 | 66,00 | 6243 | 82,65 | 0,73 | -0,31 | 19,8
150/100 | 23,60 | 1750 11671 | 104 | 69,20 | 10077 | 86,34 | 0,10 | -0,06 | 4,2
200/100 | 22,20 | 1578 15918 | 136 | 68,10 | 13487 | 84,72 | 0,16 | -0,25 | 17,6
100/200 | 44,40 | 3381 7513 71 | 71,40 | 6740 | 89,71 | 0,19 | 0,00 | 0,0
200/200 | 43,00 | 3689 14926 | 144 | 71,90 | 13380 | 89,65 | 0,16 | -0,04 | 6,2
300/200 | 43,20 | 3281 22941 | 204 | 68,07 | 19816 | 86,38 | 0,17 | -0,03 | 28,2
400/200 | 45,30 | 3149 | 24995 | 236 | 58,90 | 20108 | 80,45 | 0,14 | -0,43 | 69,0
150/300 | 65,20 | 4828 11011 | 113 | 75,07 | 10107 | 91,79 | 0,02 | 0,00 | 0,0
300/300 | 65,20 | 4994 | 22622 | 215 | 71,73 | 20140 | 89,03 | 0,22 | -0,21 | 23,2
450/300 | 66,00 | 5099 | 33736 | 331 | 73,47 | 30508 | 90,43 | 0,07 | -0,10 | 28,6
600/300 | 64,00 | 3707 | 35707 | 356 | 59,40 | 28817 | 80,70 | 0,18 | -0,19 | 81,6
200/400 | 98,20 | 6935 14854 | 149 | 74,40 | 13504 | 90,91 | 0,09 | -0,07 | 3.6
400/400 | 86,40 | 6188 | 29583 | 293 | 73,30 | 26848 | 90,76 | 0,18 | -0,06 | 13,6
600/400 | 91,40 | 6855 | 45611 | 444 | 74,03 | 41122 | 90,16 | 0,09 | -0,21 | 58,6
800/400 | 87,00 | 5323 | 47398 | 512 | 63,95 | 40040 | 84,48 | 0,10 | -0,18 | 3758
250/500 | 109,60 7885 18841 | 187 | 74,88 | 17265 | 91,64 | 0,08 | -0,01 | 0,4
500/500 | 107,00] 8284 | 38324 | 376 | 75,24 | 35023 | 91,39 | 0,08 | -0,07 | 39,2
750/500 | 108,80] 8562 | 56134 | 551 | 73,44 | 50649 | 90,23 | 0,04 | -0,08 | 35,0
1000/500 | 109,60 6582 | 60132 | 629 | 62,92 | 50658 | 84,24 | 0,06 | -0,10 | 327,6

[lepBorii crieHapuii peacTaBIeH UCXOIA U3 JIOTUKH MAKCHMAaJIbHOM TeILIONPON3BOIUTE b=
Hoctu cucreMbl (Tabuna 1) jyist 06cryKuBaHUs BCEX MOTEHIMABHBIX TIOTpebuTeeil 6e3
OrpaHUYeHUIl Ha MaKCHMAJJIbHOE UHCJIO MOJIKII0YaEMbIX YIaCTKOB TPyOompoBoa. Takxke
13 pe3yJIbTATOB IIEPBOI0 KOMILIEKCa T€CTOB HAOJIIOJAI0TCs MaJjible HHTePBaJIbl JOIyCTH-
MBIX PELICHUN II0 3IBPUCTUYECCKON IIKaJIe U IIKaJe BepXHell I'PaHUullbl 3HAYEeHU.

JL7s TTOBBINIEHUsT COOTBETCTBUS TPEJICTABJIEHHON MaTeMaTUIeCKON MOJIEIN peaJib-

HBIM TEILIOBBIM CETSIM, ITPUBOJIUTCS BTOPOIl KOMILIEKC TECTOB, KOTOPBI BKIIOYAET B CeOst
HECKOJIBKO JIOTIOJTHUTEJIbHBIX OIPDAHIMIEHMIL:
— JIMMUT TeIJIONPOU3BOAUTEILHOCTH 000PYIOBAHUSA CHUZKEH 10 85% 0T MaKCHMAJIbLHOIO;
— cymma 3arpat C, Ha MOJKJIIOYEHNE, PEKOHCTPYKITHIO, MOJIEPHU3AIIIO, 00CTyKUBaHIE
ceTeil, B 9aCTHOCTH JiuHUU € = (i, ]) € App, JJisl NOJKIIOYEHNs TOTEHIMAILHBIX TT0TPe-
bureseit cocrasiser ACT* < 1,075 C.Cy.

eEApp
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Tabnuma 2. Pe3ynbrarsl BRIIOJIHEHHSI BTOPOTO CIIEHAPUS
Table 2. The results of the second scenario

\Vel/|VE|| Vsl Vipow)s| Vppow),| con{ con. | con. con. flu) | f(H) | B &
kBr | xBr | Vo | Vo) | Vowow)s| Viow) | () | (%) | C ye-
kBT (%) JIBI

250/500 | 109,60| 7885 18841 | 56 | 22,40 | 8528 45,26 | 0,04 -0,15 | 810,0
500/500 | 107,00| 8284 38324 | 47 | 9,40 8965 23,39 | 0,04 -0,47 | 1501,0
750/500 | 108,80| 8562 56134 | 46 | 6,08 9271 16,52 | 0,02 -0,37 | 1664,0

1000/500| 109,60 | 6585 60132 | 38 | 3,80 7090 11,79 | 0,05 | -0,39 | 2453,0

OrmernM, uto BesmunHa Vp MoKeT ObITh paBHOI (), TO €CTh TEIUIOBas CeTh ellle He
UMEET MOJIKJIIOUEHHBIX TIOTpeduTeeil Teria nu mpoeKTupyeTcs ¢ HyJs. s kaxioro pac-
CMATPUBAEMOI0 CIIEHAPUS OIPEJIEIEHO TAKOe OINTUMAIHLHOE MHOXKECTBO IMOJIK/II0IaeMbIX
noTpeduTe e, YToObI JTI0O0e M3MEHEHNEe TPU TIOJIK/IIOYEHUN TIOTpeduTe /el Hen30e:KHO
BBI3BIBAJIO YBeJIMYEHNEe MUHUMU3UPYEMOI'O KpUTEpHUs CeOECTOUMMOCTH WU YMEHBIICHEe
MAKCHMHI3UPYEMOTO KPUTEPHUS BHIPYUKN OT pPeau3aliil TeILIa.

Ha puc. 2 nponnocTpupoBal mpuMep CpaBHEHUsI PE3y/IbTATOB pacydeTa pacipe/ie-
JIEHHO# CHCTeMBbI TeILIOCHAOKEHUsT TOPO/Ia ¢ HaceJeHneM OKOJIO 32 ThICAY YeI0BeK, pac-
CUUTAHHON B pe3yJIbTaTe BBIBOJA M3 IKCILIyaTallud MEHTPATN30BAHHON CUCTEMBI TEILIO-
cHabxkeHus. PaccmaTpuBaeMasi cucTeMa COCTOUT U3 b Ta30BbIX KOTEJIbHBIX OOIIEil MOIITHO-
crbio 89,8 MBT. [Ipu pacuere ucmosib30Baanch OJMHAKOBBIE UCXO/IHBIE JJaHHBIE O TOTPEOU-
TeJIsIX, KOTeJIbHBIX 1 pacroJiokennn. Ilorpedburesssm 1mepBoii KATeropuu IprCBanBaeTCs
craryc V. 1ya oTAenbHbIX noacucTeM. OCTaJbHBIM TOTPEOUTEIAM IpucBanBaeTca V.

Tabsuna 3. CpaBHeHUE Pe3yIbTATOB HHKEHEPHOTO pacdera (pacder) U Pe3yIbTaToB
pacdera ¢ MOMOIIBIO TIPEJICTABJIEHHO MaTeMaTiaeckoit Mojesu (MM)
Table 3. Comparison of engineering calculation results and calculation results with the
help of the presented mathematical model

Ne Mommocts, | Ve | V| Con Vp, | Con Vi, | Con Viypowy,| Con Vipow)y Corr,

MBT pacueTr MM pacder, MM, MBt | %
MBT

K Nel | 19,8 0 250 | 202 196 17,2 16,82 -2,2

K N2 | 26 11 | 350 | 305 331 22,78 241 +95,5

K N3 |5 11 | 12 12 12 2,66 2,66 0

K N4 | 8 0 100 | 77 79 6,59 6,79 +3

K N5 | 5 0 50 | 44 46 3,76 4,16 +0,2

K N6 | 26 0 300 | 262 237 2232 18,12 -18,8

Pacuer BwinoHen 6e3 ydera (GyHKIMHA CTOMMOCTHU IIOJK/IIOYEHUS MOTEHIUATHHOTO
HOTPEOUTENS U3-38 OTCYTCTBHS CIIOCOOOB OBICTPOH ONEHKH CTOMMOCTH HOIK/IIOUEHHUS.
Con Vp(pow) — MaKCHMaJIbHAA HAIPYy3Ka Ha CHCTEMY TeIUIOCHAOXKeHHsl (OTOIJIEHHE U Io-
pstaee BomocHabxkenne), Corr,% — pacxoKieHne pacIeToB MOJAKII0IaeMOil MAKCHMATHHON
HArpy3KH, TOJIyYeHHol ¢ momombio MM, ¢ HHKEHEpHBIME pacueTaMu.
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Puc. 2. Pacrioyioxkenne pacueTHbIX KOTEJIbHBIX B UepTe ropoJia

Fig. 2. Location of settlement boiler houses in the city
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Hcnonb3oBanue mpeJicTaBIeHHON MaTeMaTUIeCKON MO/IEIN B TEKYIIEM BU/JIE TO3BOJISI-
eT ITPOBOJIUTH IIOCJIE/IOBATEIbHBIN pacyeT MOJIKII0UYeHNs TOTeHINaIbHbIX IT0TpeduTe e
B 3aJIAHHOM TIOpsiJiKe. BUJIHO, 9TO pe3y/IbTaThl PEIIeHuil 110 KOJTUYIECTBY MOIKTIOUCHHBIX
MOTEHIINAJIbHBIX MMOTPeduTe el KOPpeJUPYIOT ¢ pe3ybTaTaMid pacueTHBbIX 3HAYCHUI B
nuaria3zone ot -18,8 10 +95,5 MPOIEHTOB, He MPEBBIIAIOT JIMMUTHI TEIJIOBBIX HATPY30K.
JI1s1 HeOOIBIION crcTeMbl, KaK KOTeJIbHas 3, BUIHO ITOJIHOE COBIIQJIEHUE PE3Y/IbTaTOB.

4. 3akJodeHUue

B pesynbraTe KOMILIEKCA BBIMUCICHUN TTOTyYeHbI CIeIyIoNme pe3yabTaThl. s Kax 10-
I'0 U3 PacCMaTPUBAEMbBIX BAPUAHTOB CUCTEM CYIIECTBYET TAKOE ONTUMAIHHOE MHOXKECTBO
norpeburesieit /st MOJKJIIOUEHUsI K TEIJIOBOM CeTH, 9TOOBI COOTBETCTBOBATH 3a/IAHHBIM
JAaHHOI MaTeMaTHYeCKON MOJEJbI0 KPUTEPUSM JJId KazKJIOrO MOTEHIINAJIbHOI'O IOTpe-
ourensa. KomdecTBo moTeHIIMAIbHBIX TOTpeOnTE e, TIOJK/IIOYEHHBIX K TEILJIOBOI ceTH,
CHU?KEHO OT MaKCHUMAJIbHO IJIAHUPOBAHHBIX 3HAUEHNI 38 CUET CHUKEHUSI MAKCUMAaJIbHOM
narpyskn Q"% < 85% ma mcrounmk TemocHaOxkenus. Bosbimoe xkosmuectso B & C
Y3JI0B — TOYEK 3KCTPEMYMa IIOJIO?KUTEIBHO BJIMAET Ha TOYHOCTb IBPUCTUYECKOI'O Pellle-
Hus. V3 pe3ysibTaToB KOMILIEKCa TECTOB HAOJIIOMAIOTCA MaJsible MHTEPBAJIbI JIOMYCTUMBIX
PELIeHU 110 3BPUCTUYCCKON IIKaJIe U IIKaJIe BepPXHeld I'PaHUIlbl 3HAYCHUI.

CpaBHeHUE TTOJIYUIEHHOTO PEIIeHNs C CYIIECTBYIONIUMU PEIIEHUIME TTOKA3AI0 BBICO-
KYyIO CTelleHb JIOCTOBEPHOCTH PE3yJILTATOB. [[JjIsg onTuMu3anum MoK II0ueHns MoTpeOu-
TeJiell B TIOJIOOHBIX PACIIPE/ICJIEHHBIX CHCTeMaX HeOOXOIUMBI JIAHHBIE O CTOMMOCTH IO
KJII0UeHns. AJITOPUTM TPACCHPOBKU KaK WHCTPYMEHT OIEHKNM CTOMMOCTH TIOIKIIOUEHUST
U TIPOKJIQJILIBAEMOTO [y TU MPEJJIOKEH B |7].

[TepcneKTUBHBIM IIyTeM HPUMEHEHHd IIPEJICTaBICHHON MaTeMaTHuIeCKONl MOJIE/IN BbI-
Oopa ONTHUMAaILHOIO MHOYXKECTBa HOBBIX IIOTpeOHTeIell JJIf MOJKIIIOUEeHHA K CYIIECTBY-
IoIIeit TEIJIoBOil ceTH fABJideTcd MHTerpalus ¢ cymectsyfonmmMu I'IC-pemennaymu ¢ ot-
KPBITBIM HCXOAHBIM KoZioM. Co3/jaHne HOBBIX HHCTPYMEHTOB, IIOJOOHBIX IPOrDAMMHOMY
KoMILIekcy Zulu [8] 1st cucTeM TemocHa0KeHnst, TO3BOJIUT 3HAYUTEIHHO TOBBICHTD 3(-
(beKTUBHOCTD IPK IPOEKTUPOBAHUY U IPUHATHN PeIeHuil, B TOM 9HUCJIe IPU HeTUIITYHBIX
IIOCTAHOBKaX 33184 IIPOEKTUPOBAHNS CHCTEM TeIlJIOCHAOKEeHH.
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Abstract. In the modern world, the efficient use of energy is an extremely important aspect
of human activity. In particular, heat supply systems have significant economic, environmental and
social importance for both heat consumers and heat supply organizations. The economic status of all
participants in the heat supply process depends on the efficiency of the functioning of the heat supply
systems. The reliability of the functioning of systems depends on vital processes such as the work of
hospitals and industrial enterprises. With such a close network communication, reliable and efficient
operation of power supply systems is critical. In this article, ways to improve the efficiency of heat
supply systems are considered. A mathematical model for improved planning of heat supply systems
by connecting the optimal set of new heat consumers is presented. For each single customer, when
there is an alternative option for connecting this consumer to the existing heat network, it is possible
to choose the only optimal solution. This becomes possible due to the restrictions and the procedure
for selecting variants from a subset of binary variables corresponding to alternatives. The procedure
for finding the optimal number of consumers for connection to the existing heat network is presented,
which is the rationale for increasing the number of existing consumers of the heat network. The testing
was carried out and the results of the mathematical model by an example of test heat networks are
presented. Directions of further study of increasing the efficiency of heat supply systems and integrating
the presented mathematical model with modern software complexes are determined.
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noayywena 2 dexabps 2017

Annorarus. B 1978 romy P. Mak-DuimcoMm mocrpoena mepBasi acCUMMETPUYHAsS KOJOBasi KPWUII-
TOCUCTEMA, OCHOBAHHAS HA IPUMEHEHUHU TOMEXOyCTOWYMBBIX KOJOB lommbl, npu 3roMm sddekTuBHbIE
aTaKy Ha CEKPETHBIH KJII0Y 9TOH KPHUITOCHUCTEMBI JIO CUX IIOp He Haiijensl. K HacrosmmeMmy BpMeHU
M3BECTHO JOCTATOYHO MHOT'O KOJIOBBIX KPHUIITOCHCTEM, HO UX KPHUITOrpaduiecKkasi CTOMKOCTb yCTYIIaeT
CTOMKOCTH KJIACCHYIECKOi KpurrocucreMbl Mak-Dmca. B ¢Bsiau ¢ pa3sBuTreM KBAHTOBBIX BBIUUCICHUI
KOJIOBBbIE KPHUIITOCHCTEMBI PACCMATPUBAIOTCS KAK AJBTEPHATHBA TEOPETHUKO-IUCJIOBBIM, IOITOMY AKTY-
AJIbHOM TIPEJICTABIISIETCS 3a/a49a IMOMCKA HEePCIEKTHBHBIX KJIACCOB KOJMOB JIJIsI TIOCTPOEHUsT HOBBIX CTOM-
KUX KOJIOBBIX KPUIITOCUCTEM. [[JIsl 9TOr0 MOXKHO HCIIOJIB30BATh HEKOMMYTATHUBHBIE KOJIBI, T.€. HJ€aJIbl B
rpynnoBsix anrebpax Fy G Haa KOHEUYHBIME HEKOMMYTATHBHBIMH rpynnaMu G. Panee msydasachk cToil-
KOCTh KPHUIITOCUCTEM Ha KOJAX, WHIYIIMPOBAHHBIX KOJAMHU Ha MOAIrPYyIInax. BaykHO JjIsi MCC/IeOBAHUST
HEKOMMYTATUBHBIX KOJIOB sIBJISETCs TeopeMa BeamepOepHa, TOKa3bIBAIONIAS CYIECTBOBAHUE M30MOP-
dusma rpynumnoBoit aaredpsl Ha TPSAMYIO CyMMY MATPUYHBIX ajredp, HO KOHKPETHDLINA BHJI CJIATaeMbIX U
KOHCTPYKIIA M30MOP(MU3MA ITOI TeOpeMoil He OIPeIesIeHbl,  TO3TOMY JJIsl KaXKJI0f I'PYIIBI OCTAaeTCs
3ajiava moctpoenus mnpejncrasiaeHus Bemgepbeprna. @. E.B. MapTunecoM mo/iydeHO MOJTHOE TPEJICTAB-
nenne BennepbepHa jys rpynmosoit anredpsl Do, Han nusapansHoil rpynmoit Dy, B caydae, KOria
MOIIHOCTD ITOJISE U TIOPSIZIOK TPYIIIbI B3auMHO TpOCThl. C UCIOJb30BAHMEM ITUX PE3Y/IBTATOB B HACTOSI-
meif paboTe mccIeIyIoTea KObl B Ipynnosoit anredpe Dy, . Pemena 3a1a19a o CTpyKType BeexX KOJIOB 1
OIHMCAHA CTPYKTYPa KOJIOB, KOTOPbIE WH/LYIIMPOBAHBI KOJIAMU HAaJI IUKJINIECKIMH [TO/IIPYIIIAMU I'PYIIIIHI
Dy, 9TO IIpejicTaBIISIET MHTEPEC JJIsi KPUITOrpahuIecKuX MPUJIOXKEHUIA.
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BBenenue

B pab6ore [1] P. Mak-Dimc npeaioKmn aCiMMETPIYHY0 KPUIITOCHCTEMY, OCHOBAHHYIO
Ha [IPUMEHEHUN TTOMEXOYCTOMIMBBIX KOJOB [OMIIbI, TpUYeM K HACTOSAIIEMY BpEeMeHH -
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deKTHBHBIE CTPYKTYPHBIE aTaKK Ha 3Ty KPUIITOCUCTEMY He m3BecTHBI. [locsie nnonepckoii
paboter P. Mak-Duca mosiBUIoCh MHOTO JIPYTHX KOJOBBIX KPUIITOCUCTEM Ha, PA3TUTHBIX
KOJIaX, B 9aCTHOCTH, HAa PAHTOBBIX Kojax, Komax Puma—Costomona, kojgax Puna—Maitepa,
aJiredpo-reomeTprdeckux kojiax. Hebosbimoit 0630p paboT 1Mo aHaIn3y CTOMKOCTU KOJIO-
BBIX KpHIITOCHCTEM cojepxkutcs B [2]. Tlpejcrapiisiercst akTyabHOIl 3a/1a4a TIOUCKA TIep-
CIIEKTUBHBIX KJIACCOB KOJIOB JIJIsI IIOCTPOEHUs] HOBBIX CTOMKHUX KOIOBBIX KPHUIITOCHCTEM.
O,Z[HI/IM U3 BapHaHTOB pPCIICHUA STON 3aJa491 ABJIACTCA HUCIIOJIb30BaHUE HEKOMMYTAaTUB-
HBIX ajre0panvdecKux CTPYKTYpP U, B YACTHOCTU, HEKOMMYTATHUBHBIX KOJIOB, ABJISIIONIAXCS
njeaJaMy B TPYNHOBBIX anrebpax F,G HaJ KOHEUYHBIMI HEKOMMYTATUBHBIMU I'DYIIIaMI
G. Hanpumep, B paborax [2|, [3], [4] pacemorpenbr KpunrocucreMbl HA MHLYIIMPOBAH-
HBIX HEKOMMYTATHBHBIX I'DYIIOBBIX KOJAX M UX TEH30PHBIX MPOU3BEICHUAX, & TaKiKe
[IPOBEJICH aHAJIN3 UX CTOMKOCTH KaK K CTPYKTYPHBIM aTakaM, TaK U K arakaM Ha M-
porpammy.

Henbro HacTostieit paboThI ABJISETCS UCCIeI0BaHIE KOJIOB B U3/IPAIbHOM IPYIIIOBOI
ayirebpe B crydae, KOrJa MOITHOCTD TPYIIIBI B3AMMHO ITPOCTa, ¢ MOITHOCTBIO 1oJId atya.
B crarbe perena 3ajada 0 CTPYKType KOJOB, OIKMCAHBI BCE MOATPYIIILI I3 IPaIbHOM
IPYIIIBI, ¥ Ha 3TOH OCHOBE IIOJIy9eHa CTPYKTYpa AUIPaIbHBIX KOJIOB, HHYIIUPOBAHHBIX
IUKJJINYEeCKUMHN KOJaMU.

Jng mosynpocTeIX TPYIIOBBIX asrebp ectb Teopema Bemepbepua (em. [5]), mo-
Ka3bIBaoIasl CYIIEeCTBOBAHNE M30MOpGU3Ma TPYIIOBOH ajaredphbl Ha MPSIMYIO CYMMY
HEKOTOPBIX MATPUIHBIX ajaredp. DTa TeopeMma siBJIFEeTCsl OYeHb BarKHOW JIJIsT UCCJIe0-
BaHUsI HEKOMMYTATHUBHBIX KO/OB. OJHAKO KOHKDPETHBIA BHJ| MATPUYHBIX CJIAraeMbIX K
KOHCTPYKIIUS U30MOp(hU3Ma 9TOI TeOpPeMOil He OIpeJIe/IeHbI, T.e. JJIsd KayKJIOH TPYIIIbI
ocTaeTcs 3ajlada MMOCTpoeHus pejcrasienus Bempgepbepra. Hekoropbie pesybrarsl o
CTPYKTYpe JI3/IPAbHON TPYIIIOBOI aarebpbl cojep:karcsa B pabore [6], a B pabore |7]
IIOJIy9€eHO TIOJIHOEe TIpejicTaBieHne BemiepbepHa [ist AudApabHON IPYIIIOBOI aareopsl
B CJIydae, KOTJIa MOIIHOCTD ITOJISI U HOPSIIOK I'PYIIIbI B3AUMHO ITPOCTHI.

Crpykrypa paborsl. Pazsesn 1 cojepKutT orpe/iesieHust i3/ IpaibHOM IPYIIILI U TPYII-
IOBOIT arebpoil, a Tak:ke HeOOXOMMMBbIE BCIIOMOraTeIbHbIE pe3yabrarkl. OCHOBHBIE pe-
3yJIbTaTbl CTaTbU O BHJ/E€ KOJOB, B TOM 4YHCJ/IE U HHAYUUPOBAHHBLIX, a TaK2Ke€ HUXKHAA
OTIeHKa KOJIOBBIX PACCTOSIHUII ITpUBeIeHBI B pasjesie 2. B pasnene 3 paccMoTpeH mpumep
[IOCTPOEHUS I3 IPAJIHHBIX KOJIOB.

1. IlpeaBapurenbHBIE CBEJIEHUS O JMIPAJIBHOI
rpynnoBoii ajaredpe

Hwusapanbroit rpymmoit Do, T/ie n > 2, Ha3bIBaeTCsd I'PYIIa CUMMETPUNl TPABUJILHOTO
IJIOCKOTO N-YTOJIbHUKA C IEHTPOM B TOUYKe (), COCTOSIAas U3 MOBOPOTOB BOKPYT TOUYKH
O Ha yrJIbl, KPATHBIE 27”, 1 OTPayKeHW OTHOCUTEIHLHO MPSMBIX, TPoXoAdmux depe3 O u
OJIHY M3 BEPIINH WIN CEPEJINHY OJHOM n3 cTopoH. I'pynma Dy, TOpOKIaeTCs TOBOPOTOM
a Ha yroJj 27“ U [POU3BOJILHBIM OTpaxKeHueM b, MPU 9TOM BBIMOJTHAIOTCS CJIeIyIONIne

COOTHOIIICHUSI:
a"=e, b*=e, bab=a"" (1)

(em. [8] c. 171). Takum obpaszom, Ds, jomyckaer Konpejacrasienue (a,b: a”, b%, (ba)?),
pH 3TOM (OPMATBHO MOMKHO CUHTATh, UTO 1 — HPOM3BOIBHOE HATYpaIbHOE duciIo. V3
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(1) BBITEKAET, YTO JIJI IIPOU3BOJILHOTO |
a'b =ba™", (2)

IIO3TOMY
Dy, ={e,a,a’,...,a" ', b,ab,a’b, ...,a" 'b}. (3)

Crenyrommas TeopeMa 0 CTPYKType TOATPYIIT JANSAPAJIbHON TPYIIThI, BO3SMOXKHO, W3-
BECTHA CIIEIUAJINCTaM, OJTHAKO, B JIOCTYIHBIX MCTOYHWKAX €€ HaliTh He yJIaaochk. depes
d(n) 0b6o3HAYNM KOJIMIECTBO JIEJUTEIEH HATYPAJIBHOIO YUCIIA 1.

Teopema 1. B epynne Dy, (n > 2) umeromcs caedyrousue cobemeentve nodepynnol:

a) n pasauunnz nodepynn suda {e,akb}, 2de 0 < k < n, xavrcdaa u3 KOMOPHIT
u3oMopPHa Lo ;

6) d(n) nodepynn euda {(a*), 2de k — moboti namyparvnvid deaumens n, xasrcdas u3
Komopvix usomopfna L ;

8) das Kastcdozo cobemeennozo deaumens k wucaa n cywecmeyem k — 1 pazauunoix
nodepynn euda (a'b,a*), 2de 0 < I < k, xasrcdan us xomopwix usomopda Dy

Jlpyeuzx cobemeennvir nodepynn wem. Iodepynno, euda 6) Hopmasvrvl, Nodepynnovl
6Uda a) HOPMAABHDL MOALKO Npu N = 2, a NoJdepYnnv, 6Uda 6) HOPMANLHYL TMOALKO NPU
k=2.

[Tycte G — xoneunaga rpynma u F, — none 'asya momuocTn ¢. I'pymnmosoit anrebpoir
[F,G Ha3bIBaeTCs MHOXKeCTBO (DOPMaJIBHBIX JIMHEIHBIX KOMOMHANNI BUIA

a:Zagg, a, € Iy,

geG

C IOKOMIIOHEHTHO OIIP€JICJIEHHBIMU OllepalluaM CJIOKEHUA M YMHOXKEHHUs Ha CKaJdp U
oniepalueil yMHOXKEHUS 110 CJIETYIONEMY IIPaBUILY:

(Z agg)(z byg) = Z(Z anbr-14)g (= Z agbrgh)

geG geG geG heG g,heG

(em. [5], €.139). Oupenesieno ecrecTBeHHOE BJIOKeHUE IpyIiibl G B IPYIIOBYIO ajredpy
F,G, nepesongiee siemMeHT rpynisl ¢ € G B 31eMenT rpyunosoil aiareopsl 1g € F,G.
Ananorununo onpeneneno sioxenue nous F, B F,G, nepesogsiee A € F, B e € F G,
rje e € G — HelirpasbHblil eMentT rpymusl. B F, G nMmeercs ecrecTBeHHast HHBOJIIOINA,
UH/yIMpOBaHHasi WHBepcueii B rpymme G:

(Z agg)” = Z agg_lv

geG geqG

KOTOpasl yCTAHABIUBAET B3ANMHO OJTHOZHATHOE COOTBETCTBHE MEXK/Ty JIEBHIMU U TTPABBIMUI
UjeasaMi, TTO9TOMY B 9TOH CTaThbe MbI OY/IEM PacCMATPUBATH TOJBKO JIEBBIE HJICAJIDI.
Besxwmit sesbtit uiean I C F,G nassiBaercs rpynnossiM G-kogoM mag mostem Fy (em. [9]).
Ecnm unean I — aBycroponHnii, 7o 6y/ieM HA3bIBATH €r0 MEHTPATBLHBIM KOJIOM.

Paccmorpum rpynmosyio anrebpy FyDo,. B cuny (2), (3) mob6oit smement u € Fy Do,
MOYKeT OBITh MPEJICTABJIEH CJIEAYIONIM 00pa3oM:

u= P(a)+bQ(a) = P(a) + Q(a™")b, (4)
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rae P u () — MHOrOYICHBI CTEIEHH, He IIPEeBOCXOMAIICH 1.

B pabore [7] mokazama Teopema o Buje pasioxkenns Bemnepbepua g F,Ds,, ox-
HAKO Ipexkae deM chopMyIMpoBaTh eé¢ B yIO0OHOM JJId JaJbHEHIIero BHUIE, MPUBEIEM
HeOOXO/IMMBIE BCIIOMOTaTe/IbHBIE CBetenus. /s kaxporo muorowrena g € F,[z] Takoro,
aro g(0) # 0, BO3BPaTHBIM MHOIOWIEHOM HasblBaeTCst MHOrOwIeH ¢*(z) = z98@g(L).
[oBOpsAT, YTO MHOTOUJIEH § CAMOBO3BPATHBI, €C/IM ¢ U ¢* UMEIOT OJHK U T€ YKe KOPHU B
CBOEM TI0JI€ PA3JIOKEHU, T. €. 3TH MHOTOWICHBI OTJIMYAIOTCS Ha HOCTOSAHHbIH HEHYIeBOi
MHOKUTENb. Hizke Oy/ieM moJiarathb, 9ro HaunboJIbIuii obmuii gemuress ged(2n, q) duces
2n W ¢ paBeH eIUHHUIIE.

NsBecrro, uro muorowien " — 1 € F [z] pasnaraercsa ma menpusogumble Haja F,
MHOKUTEN; cyiefyst |7], 3aluieM 9T0 pasioxKeHue CIeAy oMM 06pa3oM:

" —1= (flfQ s fr)(fr+1f:+1f7'+2f:+2 ce fr—i-Sf:Jrs)v (5>

rpe fi = x — 1, mpu 1 < j < r BBIIOJIHEHO paBeHCTBO [ = f; u fo = r + 1 B cayuae
YETHOTO N. 3JICh T — KOJUIECTBO CAMOBO3BPATHBIX MHOXKHUTEJIEH B 9TOM Pa3JIOKEHUH,
a 25 — HecaMOBO3BPATHBIX.

Beakunit nenpusoiumelit Hagy mosem F, MHOrowsen h cremeHu m nuMeeT KOpPeHb B
PaCIIMPEHNH 3TOro oA Fym, 0003HAMUM €ro Uepe3 (v, IPU STOM 3JIEMEHTDI

COCTABIIAIOT 0Oa3muc pacimmpennss Fym Kak BeKTOpHOro mpocrpaxcrBa Hazx F, (cm. (8],
c. 409). ITosromy

k
Folo] :={> cja’ € Fpu | k€NU{0}, ¢; € F,}

J=0

cosuagaer ¢ noieM Fym. Ecim deg(h) = 1, to a € F, u, ciegosarensno, Fla] = F,.
AHaJIOrMIHO, 9JIEMEHTBI

1,B,B%...p" 1,

rie § = o~ ! — kopenb MHOrOUNEHA h*, TOXKE 0OpasyoT Gasuc B Fyn, nosromy
_ _ -1
Fpm = Fla] = Fla™].
O6o3naqnM gajtee j — KOpeHb MHOrOwWwIeHa f; u3 (5),

1 — €THO
S(n) =4 - n — HEYETHOE,

2, n — 4eTHOoe.

Pacemorpum romomopdusmet 7; anrebpst FyDsy,,, olpe/ie/sieMble CBOMME 3HAYEHUSIME Ha
HOPOXKJIAIONIUX dJIeMeHTax a u b:

a) 1 : F,Doy - F,®&F,, 7(a)=(1,1), 7(b) = (1,—1);

b) 7y : FyDoy = F, & F,, m(a)=(—-1,-1), =(b) =(1,—-1), 6&(n)=2;

¢) 75 : FyDap — Ma(F, o)), 75(a) = (Og aé_l) 7i(b) = ((1’ é) > 8n) 1
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Hnstj = d(n)+1, ..., r paccmorpum aBroMopdusMel 0; anredp (2x2)-marpur Mo (F,[a;]),
orpejiesgemMbie (popMyJIoit

_ 1 —a;
0;(X)=2;'XZ2;, Z;:= (1 £1> : (6)
Ormernm, uro Fyla; + 04;1] CFyloj] mmpu é(n) +1<j<r
0;(im(7)) = Mz (F[ay; + a;']) o Ma(F aestry2)-

3ameuwanue 1. B [7], c. 209, ormedueno, aro ecin u = P(a) + Q(a)b € Fy Dy, v :=
P(a) +bQ(a) € F Dy, 10

Teopema 2. [7] ITycmo ged(q, 2n) = 1, mozda umeem mecmo uzomopghusm:

r+s
P EuDo = D A; ™
j=1
20e
F, @ K, Jj <d(n)
Aj = S My(Foloy + o)), (n)+1<j<r,
M (Fgley]), r+1<j<r+s
r+s )
og;jori;, on)+1<j53<r
p::@pﬁ b = ’ ’ 1(<)<5 . ,
i=1 Th <j<on), r+1<j<r+s

Fq[@j —+ a;l] ~ qucg(fj)/27 (S(Tl) +1< j<m,
Fq[aj] = quEg(fj>7 r+1<j<r+s.

3ameuarnue 2. B ciyuae, korga B passoxkenun (5) Bce MHOKUTENN JINHEHHbIE, €/IH-
CTBEHHBIMH CAMOBO3BPATHBIM MHOTOYJIEHAMW TIEPBOI cTelleHn gaBadgoTed © + 1 nw x — 1,
Torga = §(n) U MOITOMY

‘ Fq & Iy, j<d(n)
T I Ma(Fyay]), d(n)+1<j<d(n)+s
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2. Crpykrypa konoB B aJjreope F, D,

ITo Teopeme 2 rpymmosas anrebpa F,Ds,, npn ged(2n, q) = 1 nzomopdua anrebpe

(em. (7)), mostomy msydenne kogos B F,Ds,, CBOANTCA K M3YUEHHUIO JIEBBIX HJEATIOB B
A. Tlyers F' — npoussosbHoe 1osie Tajya, OyueM jajiee Ha3blBaTh HEHYJIEBOH BEKTOD
(z,y) € F? nopmupoBanubiM, ecit ¢ = 1 wm x = 0, y = 1.

s anrebpsr Ay u3 pasioxkennst (7) 1 HOPMUPOBAHHOTO BEKTODPA (&, Y) OJOXKIM

Li(z,y) = { Az, py [ A, p € Fo} (8)

Ormernm, uro ecim x = 1 uy # 0, ro I1(x,y) = A;. st Apyrux HOPMUPOBAHHBIX
BEKTOPOB UMEEM
I(1,0)=F, &0, ;(0,1) =0& F,.

Jlerko BUJETH, 9TO JAPYrUX COOCTBEHHBIX MI€AJIOB B ajrebpe A; Her. AHAJIOrUYIHO TIPH
9ETHOM 1 ompeiesisiiorcs uiueassl Io(x,y) B As.

Jlastee OymeM HCIONIB30BATh ciaeayommuii pesyabrar H. JIxkekobcona: mycts V' — Ko-
HETHOMEPHOE BEKTOPHOE IIPOCTPAHCTBO HAaJ, IoJieM F', Toria BCSIKWil JIEBBI ujeall B
anrebpe JuHEHHBIX s1moMopdusmos L(V') umeer B

[(K)={0 e L(V)| K C ker(6)},

rjae K — mekoropoe mompocrpanctso Vo (em. [11], c. 93).
Pacemorpum pasnoxkenne (7) 1 0603HaINM

F,, 1 <j<d(n),
Rj:= {Fyla;+a;'), dn)+1<j<r, 9)
F,[a;], r+1<j<r+s.

IIpu 6(n) + 1 < j < r + s oroxkaecTBuM anredbpy A; ¢ anrebpoit E(R?). Besikoe co6-
CTBEHHOE TOIPOCTPAHCTBO [; mpocTpancTBa RY MMeeT pasMepHOCTD 1, T.e. sBIIseTcs
JIMHERHON 060JI09KO0il HOPMEPOBAHHOTO BeKTOpa (,y). Yepes I;(x, y) obosHadnm maeat
I(K;) B cooTBeTcTBYyIOMIEH anredbpe Aj;.

JIlemma 1. FEcau d(n)+1<j<r+s, mo

(ky —kx\ [y —x 0 0 |
[j(a:,y)—{(ty —tw>_k(0 O)—i—t(y —x) | k.t € R;}.

Joxazameavcmeo. leiicTBUTEIBHO, ecIn

A B
L= (C D) S Ij(xvy)7

#()=(e 5)6) = (i) = (o)

TO
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Torna naitnyrcsa takue k,t € R;, uaro
A=ky,B=—kx,C=ty, D= —tz.

C apyroil cTOpOHBI, O4eBHIHO, YTO i JI00bIX k,t € R; npu A = —ky, B = kz,C =
—ty, D = tx nony4aem L € [;(x,y). O

Teopema 3. ITycmo ged(q, 2n) = 1. Pacemompunm pasaoorcerue (7) epynnosots anzebpol
F,Day,,. Jlas aobozo xoda I C FyDs, natidymea maxue HENnepecerarouuecs MHoHcecmea
Ji, JJo C{1,...,r+s} unabop nopmuposanmwxr eexmopos {(x;,y;)}jen, 20e x;,y; € R;,
umo

(1) =P B;, (10)

Aj, ] € J;
Bj = Li(zj,y;) j€ 2 : (11)
OJ j ¢ Jl ) JZ
C dpyeoti cmoponwi, dan aobvix Ji, Jo C {1,...,r + s} maxuzx, wmo Jy N Jy = &, u daa

1106020 nabopa sexmopos {(x;,y;)}ies, nad coomeememsyrowumu noramu R; (cm. (9))
MHOIHCECNEO

ede B; onpedenenv, pasencmeom (11), asasemes xodom 6 FqDa,.

Loxazameavcmeo. B cuiy Teopemst 2 upu ged(q,2n) = 1 anrebpot F Dy, u A uzo-
MOPMHBI, TOITOMY U30MOPMU3M P yCTAHABIUBAET B3AMMHO OJJHOZHAYHOE COOTBETCTBUE
mexxay kogamu B [, D, u neBbiMu uneanamu B A. PaccmorpuM npeassl B ainrebpe A.
N3BecTHO, 9TO BCAKMIA JIEBBIM UJleasl B MPsAMOil cymMe ajredp ecTh IpsiMas CyMMa Jie-
BBIX UJIEAJIOB B cjaraeMbix. JleMma 1 ycranaBiamBaeT BHJI COOCTBEHHBIX JIEBBIX HJI€AJIOB
B MaTPHYHBLIX CJIaraeMblX, a cobcrBenuble uiaeassl B F, @ F, ykasaner panee (cm. (8)).
Orcro/ia BBITEKAIOT 00a yTBEPK/IECHUS TEOPEMBI. ]

3amenwarnue 3. g nocrpoenus KomoB B gDy, HeoOXonuMoil ABIAeTCS KOHCTPYKITHA
obpaTHOTrO K p m3oMopdmaMa, p~ L. YToOBI TOMYIUTH €6, pacCMOTPUM HECKOIBKO IIATOB.
Huzke Oymem mosb3oBaThes npejcraBieHueM (4) 9eMeHToB rpyimnoBoit anredbpsr F, Do,
U KOHCTPYKIIUSAMH, UCIOJIb30BABIINMUCA JIJIg TOCTPOEHUS HW30MOpdU3Ma p, B YaCTHO-
cru (5), (6), (7). Beegém rakxke obosnadenus: idx — TOXKIECTBEHHOE OTOOPayKEHUE Ha
muoxkectBe X n & = (1+ 1) € F,.

1. Onpenemm moromopdusM €; @ F, & F, — F,D,,, mo dopmyiie

e1(w) = &[(wy + wa) + (wy — we)b] My (a)Mj,

M) = "L e Bfa], M= (M (1)),

r—1

2. IIpu gérnoMm n aHaJOru4HO olpejesuM MoHoMopdusM € : F, & F, — F Dy, 10
dopmyie
eo(w) := &[(wy + wa) + (w1 — we)b| My (a) M,
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" —1
M. = M = (My(—1))"L.
(o) = T M= (M)
3. Adnar+1 < j <r+ s onpenemum monomopdusmst €; : My(Fy[a;]) — F,Dy, 1o

dopmyite

J

o (A@) C(O‘i_?)) — [A(a) + bB(a)]M;(a)M!(a) + [D(a) + bC(@)]N;(a)N.(a),

M;(z) = f (;)1 EF[a], Mjlay)M(ag) =1,
N;(z) :T_; EFlz), Ny )N(a;h) =1

U3 sameuanus 1 Bujno, uto 7€; = idy, u s joboro ¢ # j Bbinosngercs 7;e; = 0.
4. s 6(n) + 1 < j < r dopmymoit v;(X) = Z;X Zj_1 OIIPEJIE/IUM OTODPaKeHHe

v - My(Fylay + o ']) = Ma(F,[ay),

a popMyJI0ii

P(aj j / /

o gl Aol ) = @it P + M@t
rje _—
" —
fi(z)
orobpazkernne ¥; : im(vy;) — FyDy,. Buano, aro o;7,40;v; = ida, u aa moboro i # j
BbIIOIHAETCA T; © 15 = 0.

Mj(z) == € Fylz], Mj(a;)Mj(ay) =1,

[IycTn
d(n) r+s
q:= Z wm+ > o (12)
j=1 —5(n j=r+1
Torma
d(n) r+s r+s
ZP(Z € + Z Vv + Z €) @TJEJ b @ 05TV @ @ Ti€i =
7=1 j=8(n)+1 j=r+l n)+1 j=r+1
r+s
= @ idAj ldA
j=1
CresoBaTensHo, p~ ! = q. O

B [10] pacemorpen criocob mepenoca KoJl U3 IPYIIIOBO ajreGpbl HaJL MOJAPYIION B
IpyIIoByto ajarebpy Haj Beeit rpymmoii. [lyers G — koneuHnast rpytma, H — eé moarpyt-
na, 7 — mpaBag Tpaucsepcasb G o H, a I — xox B F H. lnaynupoBaHHBIM KOJIOM
Ha3bIBa€TCA KO/

J = (F,G)I,
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upu sroM eciu B(I) = {ny,ny,...n} — Fy-6asuc I, o F,-6a3ucom J Oyner
B(J) :=TB(I).

Ecu [n, k,d] — mapamerpsr koma I mag noarpynnoit, to [n|7T|, k|T|,d] — nmapamerpsr
uHyIupoBanHoro xkoja J (em. [10]).

PaceMoTpuM NUKIMIECKyYIO HOArpyminy (a) AusapaabHOil rpymibl Da,; BCe HieaJbl
B airebpe F (a) — nukimaeckue xoxupr (cm. [12]). Huzke Oymem paccmaTpuBaTh KOJBI B
asirebpe I, D,,, MHILy[IIPOBAHHBIE IIUKINIECKUMUI KOJAMHE, YTO MOXKET UMETh [IPMMEHEHNe
B 3aJlaue YCUJICHNS KOJIOBBIX KpunrocucTeM (cM. 2], [3]).

Ussecrno, uro Beskuit kox C' B F,(a) nopoxnaercss muorowrenom ¢(z), meanresiem
™ — 1 (em. [12]), npu srom ero F-6asucom siasgercs Habop

{g(a),ag(a),. .. a" 9 g(a)}.

Pacemorpum nagynmposannstii kog I = (F,Ds,)C. Ilpasas Tpamncsepcais T rpyImisl
Dy, o mogpytie (a) umeer BHI

T ={e, b},
I09TOMY 6a3MCOM HHIYIMPOBAHHOTO Koja 1’ gBisgeTcs nabop
{g(a),ag(a),...,a" 989D g(a), bg(a), bag(a), ..., ba" W~ g(a)}. (13)

Teopema 4. [Tycmo ged(q, 2n) = 1. Pacemompum pasaooicerue (7) epynnosots anzebpol
FyDoy,. ITycmo Cy — yukauueckut ko0 6 Fy(a), nopoorcdénnmti mrozourenom g(z). Tozda
onsa undyyuposantozo amum yukauweckum kodom koda T, = (F,Ds,)Cy pasnoorcenue
Beddepbepra umeem caedyrowuti 6uo:

r+s

w(1,) = (D B))

2de
Aj7 je J1
1;(0,1 ]
B; = /0.1 J <) ; (14)
[](1,0) JE JS
07 j¢ J17J27J3

Ji={j€el,...or+s o (f5 fa) N (ff F9))
Jy={j€on)+1,...;r+s: (fi fg)AN(f] 19},
Jyi={jeon)+1,....r+s: (filgN(ff L9}

Hoxasameavcmeo. B cuimy (13) moboit s;1eMeHT U3 HHIYIHPOBAHHOIO Koga 1, mpescTa-
BUM B BHUJIE

u = P(a)g(a) +bQ(a)g(a).

B cuny sameqanus 1 npu j > §(n) + 1 noaygaem

milu) = (@mj)g(aj) Pla;)gla)
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Eciu f; memur MHOrOWIEH ¢, TO HETPY/IHO BHIETH, UTO JIEBBIH CTOJIOEI HPH JIIOOBIX
P u () obpamaerca B 0; crupaBemjimBo n oOpaTHOe: ecau Hpu JoObix P u () JeBblit
crosber; obpamaercs B 0, To f; memur g. HeiicrBurensho, nomokum P(z) = Q(z) = 1,
torna ¢g(a;) = 0, T.e. oj — KOpeHb MHOrO4YJIeHa ¢ U f;|g. AHasorudHble paccyrK/eHus
CTIPaBeTUBLI JTsT TIPABBIX CTOJIONOB W BO3BPATHBIX MHOTowTeHoB f7. Takmv obpasom,
upu j < d(n) + 1:

(i SN (f5 fa) = 7(T,) = Ay,
(filo N (f; fg) = 7(T,) = 1;(0,1),
(fi fo) N (filg) = 7(T,) = 1;(1,0),
(filon(file) = 7(Ty) =0.

Hanee, B cuty 3amedanus 1

mi(u) = (P(1)g(1) — Q(1)g(1), P(1)g(1) + Q(1)g(1)).

Anajormano 3ToT BeKTOp OOpamaercs B 0 mpu j00bx P u () Torga m TOJBKO TOT/A,
korja g(1) = 0. Ananorudso npu 9€THOM N

7o(u) = (P(=1)g(=1) = Q(=1)g(=1), P(=1)g(-1) + Q(-1)g(-1))
obparaercss B 0 mpu Jirobbix P u () Torya m Tosibko Torjya, Koryia g(—1) = 0. A Tk

uzoMopdusM p umeer Buj (7), TO TeopeMa JOKa3aHa. ]

Beeaém mmmeitnoe orobpazkenue pr, : F, D, — F,(a), neiicryiomee mo npasmiy

pr,(P(a) +bQ(a)) := P(a).

Jlemma 2. Ecau I — neswiti udean 6 anzebpe F,Ds,, mo pr,(I) — udean 6 Fy(a), m.e.
yursueckul Koo.

Jloxazameavcmeo. JleiictBurensHo, nycts P(a) € pr,([), Torga cyimecTByeT Takoe u =
P(a) +bQ(a) € I. Torna naa moboro S(a) € F,(a) mieem
(S(a) + 0b)u = S(a)P(a) +bQ(a)S(a™t) € I,
re. S(a)P(a) = pr,((S(a) + 0b)u) € pr,(I). O
Teopema 5. /[as scarozo koda I C F,Ds, natidymesa yurauveckue kodv, Cy, Cy C Fy(a)
maxue, wmo (FyDa,)Cy C I C (FyDsy,)Cs.
Aoxasamenvcmeo. Tlomoxum Cy := pr,(I). Ilokaxkem, aro I C (F,Ds,)Cs, nycts u =
P(a) +bQ(a) € I, rorma
pr,(u) = P(a) € pr,(I)

orryna P(a),Q(a),bP(a),bQ(a) € (F,D2,)Cs, cregosarensno, u € (FyDs,)Co.

[Monoxkum Cy := I NF,(a), oueBuamo, 90 910 JEHCTBUTEIBHO IUKINICCKUH KO 1

aro (F,Ds,)Cy C 1.
O

Yepes dist(/) obo3HaIMM MHHIMAJIbHOE KOJOBOE PACCTOsSTHIE KOJa 1.
Caencteue 1. [lycmo I — x00 6 F,Ds,, mozda dist(l) > dist(pr,(1)).

JlokazaTebCcTBO CJIEyeT U3 TOTO, YTO y WHIYIIMPOBAHHBIX KOJOB HaUMEHbIIee KOJI0-
BO€ PACCTOAHME TAKOE K€, KaK I Y KOJOB, KOTOPBIMIA OHU MHIYIIAPOBAHBI.
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3. Ilpumep

Pacemorpum npumvep s ipasibHOTO Ko/, KOTOPBIN HE BXOJWUT B KJIACC KOJOB, MH/LYIIH-
POBAHHBIX TUKJINIECKUMU.

ITycrs F, — koHewdmHoe 10JI€, N — HEKOTOPBIi JesuTens duciaa ¢ — 1, w € F, — smement
nopgaka n. Beibepem nenwiit mapamerp d < § — 1 u pacemorpum ko Puna-Comomona
(em. [12]) € ¢ HOPOXKAAIONIIM MHOIOU/IEHOM

g(z) = (z—w?)[(z—wr ) (z—wrt)] . [(z —w2 ) (z —w2 )], n — gernoe,
(2= w8~ W] [~ w8 — ol T9), 0 nesenmoc

OTMeTHM, 9TO ecJii MHOTOUJIEH [ — JeJIuTelhb MHOTOUIEHA ¢, TO ero BO3BPATHBI MHO-
rowten f* roxe gemur g. Jnnna koga Cy paBHa n, MEHIMAJIbHOE KOJOBOE PACCTOSHUE —
(2d 4 1) upu neuéraom n u (2d + 2) npu uérnom. Pasmeprnocts kona C, pasna (n — 2d)
B ciaydae 96tHoro n u (n — 2d — 1) B ciiydae HedéTHOrO. PaceMOTpuM MHLy IIUPOBAHHBII
kon Ty = (FyDs,)Cy. Tlo Teopeme 4

rae
A, jES
By=¢ 0 = (15)
07 ]ESQ

S C{l,...,r+s}k, Sy={l,....,r+s}\Si.

Temneps nocrponm Hosblit Ko 1", BiioxKeHHbIH B T}, J171s1 5TOr0 BBIGEpEM IIPOU3BOJIBHOE

Hemycroe MuHoxkecrBo S3 C S1 \ {1,0(n)} m HAGOp TaKMX HOPMHPOBAHHBIX BEKTOPOB
. _ T+s

{(x5,95)}jess, a0 x; # 0 1 y; # 0. Onpespesmm neswrit unean D = 1] B; B anrebpe

A, Tie

Aj ] € Sl \ Sg
0, j € So.

Bocmoib3yeMcest IOCTPOeHHBIM B 3aMedanui 3 u3oMopdusMoM p~ ! u onpegenum kox 1" =
p~Y(D). 3ameTum, 9TO 3TOT KO/ He ABJIAETCS KOJIOM, UH/LYyUPOBAHHBIM ITUKJITUECKIM.
HeitcrBurenbno, ecim 661 T’ ObLI TaKUM KOJIOM, TO 110 TeopeMe 4 JjieBblii uiaeas D umen
Obr Buj (14), HO IO TOCTPOEHUIO ITO HE TaK.

Teneps paccmorpum koiet Cy, T, u 1" jj1i KOHKPETHBIX YHCJIOBBIX HAapPaMETPOB.
Ilycts ¢ = 11, n = 10, w = 2 — upuMuTUBHBIN 3j1eMeHT 1101 [F1;. Bemmmem s
muorousiena 70 — 1 paszyioxenue (5) Ha HEIPUBOIUMbIC MHOKUTE/TH:

20 —1= f1f2[f3f§f4f1f5f;f6fg]v

rie
filz)=x—1, fo(z) =2 +1,

fs(z)=x—2, fulz)=2-3, fs(z) =2 -7, fs(r) =209,
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fi@) =z —6, fi(x) =z —4, fi(x) =z —8, fiz)=a 5.

B namewm ciiydae 1 = 2 — KOJIMYECTBO CAMOBO3BPATHBIX MHOXKHUTEJICH B 9TOM pa3JIoyKe-
HUU, & 28 = 8 — KOJIMIecTBO HecaMoBO3BpaTHBIX. [loyoxkum d = 2. Torma

9(z) = (z = w’)[(z — w')(z —°)][(z — )z — 7],

g9(z) = (z = 10)[(z — 5)(z — 9)][(z — 8)(z — T)],
9(z) = faz) fo(2) f5 () f5(2) f5 ().

Kox C, sBnserca [10, 5, 6]-komom, unmyrmposanneiii kox 1, = (F11Dq)C, sBisteTcs
[20, 10, 6]-xomom. TTo Teopeme 4

p(Ty) = B1® By © B3 ® B4 @ Bs © By

(em. (14), (16)), roe
By =F1®F, Bb=030,

B3 - MZ(F11[2])7 B4 = M2<]F11[3])7 B5 - 07 B6 = 0.
Ternepn 1151 HammMX mapaMeTpos Berancaum ko 17, Tlycrs
D=DB,® B,® B,® B, ® B, ® Bj,

Bizlﬁ‘ll@]Flla Bézo@oa
Bé — 13(17 —1), Bi - MQ(]Fll[?)]), Bé - 0, Bé- - O,

rue
10 _ 1
Ms(r) = N3(x) =

x—2"

10_1

x—4

Jlemma 1 ycranasiusaer Buj 6asuca B I3(1, —1), Buj 6a3ucOB B OCTAJIbHBIX CJIAraeMBIX

JIeBoro ujeasa [ u3BecTeH, Telepb ¢ IOMOIIBIO 3aMedaHud 3 nocrpoum [ -6asuc Koma
T =p Y(D):
Bi=e+a+d+ad+a'+ad°+a®+d"+a®+d°,

By = 6e + 3a + 7a* + 9a® + 10a* + 5a° + 8a° + 4a” + 2a® + 1a°,
Bs = 2e + 4a + 8a® + 5a® + 10a* + 9a® + 7a% + 3a” + 6a® + 1a°,
B7 = 3e + 9a + 5a* + 4a® + 1a* + 3a® + 9a° + 547 + 4a® + 1a°+
+b(4e + 5a + 9a* + 3a® + 1a* + 4a® + 5a° 4 9a” + 3a® + 1a?),
By =bBy, By =bB;, B¢ =bB;5, By = bB;.

B pesynbrare mpsMoii BHIYUCIUTEIBHONW TPOBEPKU YCTAHOBJIEHO, YTO KOJIOBOE PACCTOsI-
HUE JJAHHOI'O KOJla PaBHO 8, TaKuM 06pa3oM MoJIydeH Jaudapaibubiii [20, 8, 8]-ko.
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Abstract. Robert McEliece developed an asymmetric encryption algorithm based on the use
of binary Goppa codes in 1978 and no effective key attacks has been described yet. Variants of this
cryptosystem are known due to the use of different codes types, but most of them were proven to be
less secure. Code cryptosystems are considered an alternate to number-theoretical ones in connection
with the development of quantum computing. So, the new classes of error-correcting codes are required
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for building new resistant code cryptosystems. Non-commutative codes, which simply are ideals of
finite non-commutative group algebras, are an option. The Artin—-Wedderburn theorem implies that
a group algebra is isomorphic to a finite direct sum of matrix algebras, when the order of the group
and the field characteristics are relatively prime. This theorem is important to study the structure of a
non-commutative code, but it gives no information about summands and the isomorphism. In case of
a dihedral group these summands and the isomorphism were found by F. E. Brochero Martinez. The
purpose of the paper is to study codes in dihedral group algebras as and when the order of a group and
a field characteristics are relatively prime. Using the result of F. E. Brochero Martinez, we consider a
structure of all dihedral codes in this case and the codes induced by cyclic subgroup codes.

Keywords: non-commutative groups, group algebra, non-commutative codes, code cryptosystems
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