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IlnanyBaHHsI BUKOHAHHSA POOIT € 0JHi€I0 3 HAWBANKIMBIIINX Ta HACKJIAAHIIINX 3204 Y
rpia-cucremMax, ockinibku 1 3agaya € NP-moBHOW. Y cTATTi BH3HAY€HO O0COOJIMBOCTI
opramizanii nIanyBaHHsl y rpia-cucremMax; po3rJsiHyTO OCHOBHI ajJiropuTMu, po3podJieHi 1/
IUIAHYBAHHSA y TPif.

KurouoBi ciioBa: rpix-cucreMu, niiaHyBaHHSI PoOiT, IUIaHyBaHHsI Ha ocHOBi best-effort
nmiaxoay, NJaHyBaHHA Ha ocHOBi QOS migxoay, reTeporeHHi cucTeMHu, po3NoAiieHi 00YNCIEHHS.

Workflow scheduling is one of the most important and most difficult issues in grid
systems. Finding a best solution for a workflow scheduling problem is NP-complete. This
paper considers specifics of workflow scheduling in grid systems and presents existing
scheduling algorithms developed for grids.

Keywords: grid systems, workflow scheduling, best-effort based scheduling, QoS
constraint based scheduling, heterogeneous systems, distributed computing.

IHocTanoBka mpo0seMu Ta popMyBaHHSA Wiji JOCTITKEeHHS

I'pin-cucremn OyBaioTh pi3HUX po3MipiB 1 TumiB. Halnpoctimmii Tpin criIagaeTbecst 3 KUTbKOX
MallliH OJHAKOBOTO THIMY, 3 €JHAHWUX JIOKAILHOIO Mepekero. Lleff TWIT TOMOreHHOi CHCTeMH SIK Tpin
po3risigaoTh piako [1]: 3a3Buyail 1l HA3MBAaKOTh KIACTEPOM 1 BHUKOPHCTOBYIOTh TEPEBAXKHO IS
BUIIPOOYBaHHS MPOrpaMHUX 3aco0iB rpifa [2]. Bci MammHM Takoi Tpia-CUCTEMU 3HAXOMATHCS B MEKax
OJTHOTO BiJUILTy, TOMY 11 BAKOPHUCTaHHSI HE BUMAra€e HasiBHOCTI CIEI[IaJIbHUX MOJIITHUK 1 CUCTEM OC3IeKH.

CKJIaHIIIKIM TPiJ € TETEPOreHHa CUCTEMA, KA CKIaaeThCsl 3 MAIIMH KUTbKOX PI3HUX BIIIUICHB OJI-
Hi€i opranizaiiii. B TakoMy iHTparpiai MoKyTh BUKOPHCTOBYBATH MEBHI MOMITHKH (HATPUKIIA, IPIOPUTET-
HOCTI Bi/yIiJIeHp) Ta cucTeMu Oe3mekn. BaxkmuBicTh crcTeMu Oe3Mekn 3pOCcTae, KO BiAIiIeHHs opraHisa-
1ii reorpagiuHo pO3KKAaHi, 3HAXOSITHCS B Pi3HUX MicTax i, Hanpukian, 3 exnani y VPN uepes [aTepHer.

I'pin, sikuit 00’ €1Hy€E IpifK KUIbKOX PI3HUX OpraHizaiii (iHTeprpia), BUMarae HasBHOCTI BUCOKOT'O
piBHS cucTeM Oe3MeKu IS 3aXKCTY BiJl MOXKJIMBUX aTak Ta MINMUTYHCHKUX mporpam [2]. [HTeprpin MoxHa
BUKOPHUCTOBYBATH SIK JUIS CHUIBHHX MHPOCKTIB (MapTHEPChKi CHCTEMH), TaK 1 B KOMEPIIHHHUX MIIAX
(TopriBins pecypcamu).

VY komepitiiiHoMy rpizai: 1) MeTor mpoBaiaepiB pecypciB € OTPUMaHHS MaKCHMMAJIbHOI Bifadi Bif
CBOIX IHBECTHIIii; 2) KOPUCTyBadi PECypCiB HaMaraloThCs BHKOHATH CBOi POOOTH B MEXKax IMEBHOIO
Or0KeTy 1 9acoBoro oomexenns. L{iHa pecypciB MO)Ke 3MIHIOBATHCS 3 YaCOM (3TiZHO 3 3aKOHOM ITOITUTY i
MPOIIO3HIIiT), MTO3BONSIOYN HAHBaKIMBIMIMM pobOTaM BUKOHYBATHCSA B 9ac “IMiK”, a MEHII BaXXITHBHM —
MICIIs Crialy HaBaHTaKEHHs. B mapTHEpChKUX TPil MpoBaliiepd HaIaloTh PECypCH OE3KOIITOBHO.

BinpmiicTe cucTeM ympaBiiHHS pecypcaMu TPi-CHCTEM pealli3oBaHO BiAMOBIJHO JO MOHONITHOL
apXIiTEKTypH 1 Ba)XXKO TMEpPEeHOCAThCs Ha iHmmn cuctemu [3]. BymoBa Ta mnpuHIUI POOOTH CHCTEMH
YIPaBIIiHHSA pecypcaMy 3aJIeKaTh BiJl 0COOIMBOCTEH IPi-CHCTEMH: MEHEIKEP PECYpPCIB IHTEPrpina Moxe
ICTOTHO BiJIpI3HATHCS BiJ MEHEMIKepa PecypciB IHTparpifa, OCKUIbKH NMOBHHEH BpPaxOBYBATH IONITHKY
KO’KHOT'O a/IMIHICTPaTHBHOIO JIOMEHY; TUTaHYBaHHS B NMAPTHEPCHKUX TIPiJl Ta B KOMEPIIHHUX TPig OyIyTh
BIJIpI3HATHCS Yepe3 Ppi3HYy WIHOBY IMONITHKY — Y KOMEpIIHHHMX TpiJ NMOBHHHA OyTH BCTaHOBJICHA
CKOHOMIYHO KEpOBaHa CHCTEMa YIPABIIHHI PECypcaMu; PO3Mip TPiI-CHCTEMH MOXE CTaBUTH JOJATKOBY
BHUMOT'Y III0JI0 IPOTyKTUBHOCTI aJlTOPUTMIB IIJIaHyBaHHS TOIIO.
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MeTto10 0CHiTKeHHs € MaTeMaTH4YHa MMOCTAHOBKA 3aJladi IUIAaHYBaHHS JUIsi T€TEPOTeHHUX Tpij-
CHCTEM; BU3HA4YeHHS OCOOJIMBOCTEH opraHizaiil IUTAHYBaHHS Y TPiA-CHCTEMax pI3HOrO THILY; OIS
ICHYIOUMX aJITOPUTMIB TUIAHYBAHHSI JUIsSi BU3HAYCHHS iX 3aCTOCOBHOCTI Ta CTYIEHS 3aJI0BOJICHHS BHMOT
010 TUIAHYBAHHS Y TPiA-CHCTEMaX Pi3HOTO TUITY.

BuzHavenHs1 OCHOBHHX MOHSITH

Huxde mogamMo BU3HAYCHHS OCHOBHUX MOHATH B KOHTEKCTI Ili€] po0OoTH.

I'pio (rpig-cucreMa) — po3mojijieHa OOUMCITIOBaJbHA CHCTEMA, sKa 3a0e3leuye THy4UKuil, Oesmed-
HUH, CKOOPIWHOBAHMK PO3MOAUT pecypciB. ['pin Moke 00’ €aHYBaTH OOYMCIIIOBAJIbHI MAIIMHH, PO3MOIi-
JIeH1 SIK aIMiHICTPaTUBHO, TaK i reorpagidHo.

Poboma (3amayda, anroput™) — 0OUMCITIOBaJIbHA OJUHUIIS, SIKY MOTPIOHO BUKOHATH Y IPiI-CUCTEMI.
3aranpHa poOOTa CKIIAAAETHCA 13 B3a€MO3B’SI3aHUX HEMOAUTBHUX POOIT MeHIoro po3mipy. HemomineHa
poboTa MOBMHHA BMKOHYBATHCS Ha OIHIN 004MCIIOBaIbHIN MammHi. KokHa poOoTa Mae cBOI BiacHI
BHMOTH JI0 PECYPCIB.

Pecypc (obunciroBaibHa MaliiHa) — 00UMCITIOBAIbHA OJMHHUIIS, HaJaHa IPOBAHAEPOM PECYpPCIB s
BUKOPUCTaHHSl Y Tpii-cucTeMi Juis BUKOHaHHS poOiT. KokeH pecypc Mae CBOI BiacHI BIIaCTHBOCTI,
HaIPUKIIaJ], TOTYXXHICTh IpoIiecopa, 00’ eM mam’ sITi, THIT POrpaMHOro 3a0e3MeueHHs TOIIO.

ITnanysanns (po3noaia podiT B Mepeki; Hucrerdepusaltisi podiT) — BU3HAUCHHS MOPSIKY BUKOHAHHS
pobiT Ta BUOIp pecypciB, Ha SIKUX 11i pOOOTH OYIYTh BHKOHYBATHCH.

ITnanysanvuux (aucrerdep pobiT) — CKIAAOBa TPiA-CHCTEMH, SKAa BUKOHYE IUTaHyBaHHS. Y Tpimi
MOXYTh OyTH JIEKiIbKa MIaHyBaJbHUKIB, 30KpEMa Pi3HOTO i€papXiqHOrO PiBHA.

Cucmema ynpaeninna pecypcamu (CUCTeMa IUIAHYBaHHs, MEHE/DKEp PECypCiB) — cUCTeMa, siKa
BUKOHY€E IIJJaHYBaHHs Ta 3a0e3nedye BUKOHAaHHS poOIT y rpimi. Jlo 1iel cucreMu BXOIATh BCI
TUTaHYBaJIbHUKHU TPill-CHCTEMHU.

Ionimuxa — KOHCTaTalisg YIiTKO BH3HAYEHWX BUMOI, YMOB Ta TPIOPHTETIB, BHCTaBJICHHX
MpoBaiiiepaMu pecypciB Ipia-CUCTEMH.

Jlomen — MHOKMHA PECYPCIB TPIA-CUCTEMH, SKi € Cy0’ €KTOM OJIHIET 00 TEKIIbKOX IMOJITHK.

Bumoeu sixocmi obcnyeosyseanns (QOS-00MEKEHHS) — BUMOTH, TPE SBJICHI KOPUCTyBayaMu Ipi-
CUCTEMH 11010 BUKOHAHHSI iXHIX POOIT.

T'omocenna cucmema (OAHOpiHA CUCTEMa) — CHCTEMA, SIKa CKIIAA€ThCS 3 O0YHMCITIOBATbHIX MaIIuH
3 OJTHAKOBUMH BIIACTUBOCTSIMHU.

I'emepocenna cucmema (pi3HOpiIHA CHCTEMa) — CHCTeMa, SIKa CKIIAJAETHCS 3 OOYMCIIOBAIBHHUX
MAIlIH 3 Pi3HUMH BIACTHBOCTSIMHU.

Impaepio — rpia, SKUi CKIaaeThCs 3 MAIIMH OJHOrO a0 JEKUILKOX BiJJUICHb OZHIET opraHizariii,
30KpeMa reorpa)iyHo poO3MOIICHUX.

Inmepepio (rmobanpHMI TPix) — rpif, AKKil 00’ €IHY€E TPiay AEKITEKOX PI3HUX OpraHi3allii.

OcHoBHuii MaTepian
Cnoco0u opranizanii njianyBaHHs B rpia-cucremMax

3rimHo 3 [3, 4] cucremu MIaHyBaHHs B IPiJi MOKHA KIacH(iKyBaTH Ha [EHTpai30BaHi, iepapXidHi
Ta JCLCHTpaIi30BaHi.

VY ueHTpaiizoBaHiii cucreMi IJIaHyBaHHS BHKOHYE €IUHUI IHCIICTYEp, SKAN BOJIOIE IOBHOIO
iH(popMalriero mpo BCi pecypeu cuctemu. LleHTpanizoBaHa cucTeMa IIaHYBaHHS MOraHO MacITa0yeThes 1
MOXE CTaTH BY3bKUM MICIIEM BEIIMKOI Tpii-cucTeMH: 3ajada riaHyBaHHS € NP-ToBHOIO 1 Jyist 3HaX0A-
JKCHHSI ONTHUMAJIBHOTO PO3B’ 53Ky MOTPiOHI 3HAUHI OOYHMCIIIOBAJIbHI pecypcH; a Ipu 3001 MIaHyBaJbHHKA
poboty cuctemu Oyne 3a0J0k0BaHO. 3 IHIIOro OOKY, BOJIOJIIOUM TMOBHOK 1H(OpMaIIi€to, IICHTpali30BaHa
cHCTEeMa MOYKE BUKOHYBATH TUIaHYBaHHS JTy)Ke eeKTHBHO.

B iHTeprpizax MammMHU po3MillleHl B Pi3HUX aJIMiHICTpaTUBHUX JoMeHax. KoxkeH agMmiHicTpaTHB-
HUI JOMEH Mae CBOK BIIACHY IIOJITHKY 1 JesKi JIOMEHH MOXYTh HE HaJaBaTH iHQopmamii mpo
MOTYKHICTh CBOIX MAaIlllMH. Y TaKMX BUIMAJKaX BUKOPHCTAHHS IIEHTPaIi30BaHOI CHCTEMH IUIAHYBAHHS €
HEMOXIIUBUM.
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B iepapxiuniii cucTemi miaHyBaJbHUKM OpraHi3oBaHi B i€papXilo: TUIAHYBAJTbHUKH BUIIOTO PIBHS
OTEPYIOTh MJIaHYBAIBHUKAMH HUXXYOTO PIBHSI; TUIAHYBATBHUKN HAHWKYOTO PIBHS ONEPYIOTh PECYPCaMH.
OCHOBHOIO TepeBarol0 iEpapXxivHol CUCTEMH TUIAHYBaHHS € Te, 10 BOHA JIO3BOJISIE BUKOPUCTAHHS PI3HUX
MOJNITHK Ha Pi3HUX IUIaHyBaJIbHUKAX (a OTXKe, y pi3HUX moMeHax). [Ipu 1boMy iepapxiuyHa cucreMa Mae
nepeBary IeHTPaTi30BaHOTO YIPABIIHHA: €IUHUNA [EHTPaIbHAN TUIaHYBAILHUK BUKOHYE (YHKIIIFO MeTa-
TUTaHYBaHHS — PO3MOJISAE POOOTH HA MIANMOPSAAKOBAHI HOMY TUTAHYBAJILHUKH HIDKYOTO PiBHS BiIMOBITHO
10 MeBHOro Habopy mpaBwi. OJHAK, y MacITaOHUX TPiA-CHCTeMax, 4epe3 BEIMKE HAaBaHTAXKCHHS Ha
HEHTPATFHUN TUIAaHYBAILHUK, I€papXidHa cucTeMa TUIaHyBaHHS MOXKe OyTH Hee() eKTHBHOIO.

VY neunenTtpaji3oBaHiii cucremi (po3nojiieHiil cHcTeMi) HEMa€e LEHTPAIbHOrO IUIAHYBAJIbHUKA —
HasBHA MHOXKMHA PIBHONPAaBHHUX TUIAHYBaJbHUKIB, KOXKHOMY 3 SIKMX IIJIIOPsJKOBaHA MEBHA TPyIia BY3IiB
cucreMu. [1aHyBabHUKH B3a€MOIIIOTh MK COOOI0, 30KpeMa, MOXKYTh BiJIaBaTH 1 puiiMaTi poOOTH Bix
IHIIKX TJIaHYyBaJbHUKIB. JlelleHTpaIi3oBaHa cCUCTeMa IUIaHyBaHHS € J00pe MaciTaboBaHOIO 1 CTIHKOI 70
300iB — BUXiJ 3 JIaJy OJHI€T YACTHHU CUCTEMH HE BIUIMHE Ha pOOOTY IHIIMX 4acTUH. TOMy Taka cuctemy
MOJKHA 3aCTOCOBYBaTH Yy BeIMYE3HUX IHTeprpimax. OmHak, IElCHTpali3oBaHE IUIAHYBaHHS MOXE
BHUKOHYBaTHCSl Hee() KTHBHO, OCKUILKY TUTaHYBaJbHUKU He “0adyaTh”’ 3arajbHOl KapTHHHU Y cucTeMi. OKkpiM
LIbOTO, B JICIICHTPATI30BaHMIA CUCTEMI IUTAHYBaHHS CKJIAJHO OpraHi3yBaTH NapajieiibHe BUKOHAHHS OJHIET
poOOTH Ha KITbKOX OKPEMHUX JIOMEHaX rpija.

Jnst BUpilIEHHS [UX MPOOJIeM y MacITaOHHX TpiJ-CHCTeMaX BHKOPHCTOBYIOTH PO3MOIiIEHO-
lepapXiyHy CHCTEMY IUIaHYBaHHsI, sKa BOJIOJIE IEpeBaraMu SK I€papXiyHOi Tak 1 JCIEHTPai30BaHOL
cucreMH. J[eTambHO apXiTEeKTypy pO3MOILICHO-IEPAPXIYHOI CHCTEMHU PO3TISIHEMO Y HACTYITHOMY PO3JILTI.

ApxiTeKTypa po3noJijieHo-iepapXiqyHoi cMcTeMH YNIPaBJIiHHSA pecypcaMu
PosnonineHo-iepapxiuHa cucTeMa yIpaBiiHHS PECypCaMH I'Pi-CHCTEMH CKJIAJAa€ThCA 3 JIOKAJIbHUX
wianyBaabHuKIB (JIIT) Ta 30BHImHIX mianyBanbHukiB (3I1) (cymepruiaHyBaibHUKK a00 MeETaIUIaHyBallb-
uukn). 311 kepye nexinpkoma mianopsakoBanumu oMy JIIT. JIIT kepye OAHUM JOMEHOM 3a LEHTPai30-
BaHUM IPUHIIUIIOM.

30BHiWHI KopUCTyBaui 30BHilHI KOpUCTYBaui
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Puc. 1. Apximexmypa po3nodineno-iepapxiunoi cucmemu YnpasiikHs pecypcamu 8 pio

KopucryBaui rpiga nogaroTh poOOTYy B OJHY 3 TOYOK BXxoay. Jeski KOpHCTyBadi MalOTh MPUBLIETIT
Ui 0E3MOCepeIHBOr0 JOCTYIY 10 PECYpCiB IMEBHUX aIMIHICTpATUBHUX JOMEHIB, TOMI SK peITa
KopuctyBadiB npaiooTs yepe3 3I1. 3I1 Bignosigae 3a po3OUTTS poOOTH Ha MEHII poOOTH 1 PO3MOIN iX
o JIIT. ITicist oTpuMaHHS 3auTy HAa BUKOHaHHS pobotH, 311 onurye mignopsakosani JII, 1106 3'scyBaTH,
SKI BY3JIM MOXYTh BUKOHAaTH pPoOOTY Ha CBOIX pecypcax i MpH TOMY BKIACTHUCS y YacoBi Ta OIO/KETHI
obMexenHs1 KopuctyBaua (nepesipxa suxonysanocmi [3]). SIkmio 311 He 3HAXOMUTH TAKWX BY3IIB, BiH
nepenae podory 1o inmoro 3I1.
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Axmo koxked 3I1 Bu3Hauae poOOTY SAK HEBUKOHYBaHY, TO POOOTY BiJJAlOTh KOPUCTYBady s
neperisy TOCTaBIIeHHX BHUMOT. [Hakie, SKIO0 MpuaaTHUH By3on 3HaineHo, To 31 mepemae pobdoty
BuOpanomy JIII. JITT BiamoBinae 3a BU3HAUCHHS MMOPS/IKY BUKOHAHHSI POOIT Ta BUJUICHHS PECypciB Ui iX
BUKOHaHHS. [lyist 30uibmeHHst THy4YkocTi cucremu JIII, mpu oTpuMaHHI HOBUX BaXKIMBHX 1 TEPMIHOBHX
po0iT, MOXKe BimiaTi HU3bKoMpiopuTeTHi podotu 311 s ixHboro nepeposnoaity Ha inmi JIIT [3].

IHocTanoBKka 3aa4i NUIaHYBaHHA B Ipia-cucreMi
3arajbpHy poOOTY, Ky MOTPIOHO BHUKOHATH Y TPiA-CUCTEMi, MOJAMO Y BHIJISII HAIpPSIMICHOIO

aIUKIIYHOrO rpady podit G(V, E), ne V — MHOXHWHA BEPIINH ViT V , sKi mpencTaBisiOTh OKpeMi
HETOUTBHI poOOTH — HaO0OpH IHCTPYKITiiA, SKi MArOTh BUKOHYBATHCS Ha OAHIM MammHi; E — MHOKHHA
KOMYHIKaUIHHUX pe0ep, BU3HAYA€ IMOPSAOK CIAYBaHHs POOIT;, HampsmieHe pedpo & :(Vi,vj)T E
03HA4ae, 10 POOOTY V; MOXHA BUKOHYBATH TUIbKH IICIIsl 3aBEPILCHHS T OTPUMAHHS Pe3yJIbTaTiB poGOTH
V,; poboTy V, Ha3MBalOTh OATHKIBCHKOIO, v, - JouipHbot0. biHapHe BifHOIIEHHS V, P V, O3Ha4ae, o
po0oTy V, MoTpibHO BHUKOHATH mepex pobortoro V; (mpu upoMy V, He 00OB'S3KOBO € Oe3nocepentim
batbkom V;). Bara W(Vi) — cnenudikanis podotn V, (KUIbKICTH OOYHCIEHB), a Bara W(qj) -
cnenudikaiis kKomyHikauii pedpa € (KiIbKicTh 1aHuX).

OyHKIIIA P(V) BU3HA4Ya€ MHOXXHMHY Oe3locepe/HiX OaTbKIBCBKUX pPOOIT pobotu V,; (yHKIIA

C(V) — MHOXHHY Oe3mocepenHix JodipHiX podir. PoGOTY Vi, :V|P(V) =/E Ha3uBaIOTHL 6XIOHOIO

pobomoio (MOYATKOBOIO), @ Vo = V|C (V) = AE — suxionor pobomoro (xiHnesoro). ko € Ginbie oaniei

BXIJHOI/BUXiJHOT POOOTH, TO MOTPIOHO 3'€MHATH IX €IMHOK BXIiJHOH/BHXITHOK ICEBIOPOOOTOO
(po0oTOkO 3 HYJILOBOIO KIIBKICTIO OOYUCIICHB Ta HYJOBUMH peOpami).

Toroorito rereporeHHol IPi-CUCTEMH MOJaMO Y BUIJISJII HEHANPSMIICHOTO rpady S(P, L), e

sepumna P 1 P npencrasnse i-Ty obumcmioBaneHy Mammmy, a pebpo | :(pi, pj)l L -
ABOHANpSIMIICHE KOMYHIKaliiHe 3'€HaHHs 00UMCIIOBANbHUX MalMH [ Ta P; . Bara W( pi) BHU3HAYa€e
crenuikarilo o0YncIoBaIbHOl MamMHE [} (BiZHOCHY MIBHIKOZII0), a Bara W(li J.) — cneuudikarriro

KOMYHIKAI[IHHOTO 3’ €JJHAaHHS |ij (mpomyckHy 3IaTHICTB). Bynmb-sika OOYMCIIIOBaibHA MallldHA CHCTEMH

MOYK€ OJTHOYACHO BUKOHYBATH OOUYMCIICHHS Ta MEPeIaBaTH JaHi.
3ajauero MUIaHyBaJbHUKA € PO3MOALT poOoTH, mpexacrasieHoi rpagom poditr G mo pecypcax
CHCTEMH S 3 BpaxyBaHHsM MOPSIKY CIiayBaHHs pobiT. Po3s’si3koM € mian Y :

Y =G® S=(F,C), @
ne F —posnodin pobim, muoxuna 3Hauens f . 1-Ta pobora mae BukoHyBatucs Ha T, -if Maumsi:

F={ii T elPlgi =1, @
C —nocnidosnicme suxonants podim, MHOXHHA YHIKaIbHAX 3HAYEHb C, . CIIOYATKY BHKOHYETHCS poOOTa

C,, Tomi C, iTakK 0 OCTaHHBOI POOOTH:
C :{ci :(ci <c"v, pvcj)U(ci LgMit j)‘i,j :L|V|}. @A)
Hexait dynkmis t(X, y) BH3HAYAE. ) TPUBATICTh KOMYHIKAIl, SIKIIIO MapaMeTpH — KOMYHIKalliiiHe

pebpo € Ta KOMyHIKauiiHe 3" €HaHHsI .. ; aGo 6) TpuBaIiCTh BUKOHAHHS POOOTH, SKIIO apaMeTpH — poboTa

i
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V, Ta MalMHa [ ; OpU TOMY, SKIIO POOOTY V, HE MOXKIMBO BUKOHATH HA MAalIMHI [, TO pe3yabTaToM Oye
¥ . AHaNOriuHO, QYHKILisT C( X, y) BU3HAYa€ BapTICTh KOMYHIKaIlii a00 BapTiCTh BUKOHAHHS POOOTH.

Busnaunmo uac no4amky 6UKOHAHHA p060TI/I VI .

taar (V) = MaX o (Vi) tor (V)1 )
i (S P (Vi ) — uac 2omogHocmi 0anux podoTu V, , TOOTO yac 3aBepILICHHs Nepeadi pe3ynbTaTiB BUKOHAHHS
BCIX 0aThKIBCBKHX POOIT V| TP (\/i ) Ha MaummHy [ ; Upg (\/i ) — uac eomosHocmi mawunu Py 10
BUKOHAHHs poOOTH V, , TOOTO Yac 3aBeplLICHHs BUKOHAHHA BCIX MONEpeHiX poOiT Ha Wil MamuHi.

BusHaunMmo wac 3aeepuienns 6ukoHanHs podOTH V, — cyMa 4acy IOYaTKy BUKOHAHHs Ta TPUBAJIOCTI
BUKOHAHHS pOOOTH:
tfinish (Vl) :tstart (V|)+t(V|, pji ) (5)
Yacom 3aBepIleHHs BUKOHAHHA 3a/1a4i, mpeacTtasienoi rpadom 3agay G, 3rigHo 3 wianom Y € yac
3aBepIICHHs] BUKOHAHHSI KiHI[eBOT pOOOTH:

t(Y) = Canien (Vour) ©)

ex

Bapricte BukoHaHHs poOoTH, npezacrasieHoi rpadom 3amauy G, srigHo 3 mmanom Y e cyma
BApTOCTEH BUKOPUCTAHHS PECYPCIB:
% v
C(Y):,alc("i’ pi)+,3-zc(q-1i"ji.ui) 0
1= =

OCHOBHMMH KPUTEPIsIMU ONTUMI3aIlii PH MOIIYKY po3B’ 513Ky (1) €:
1. Minimi3arlist 3araibHOTO Yacy BUKOHAHHS POOIT B CUCTEMI:

t(Y)® min (8)
Skio poss’szkom (8) € ¥, 1o pobory, npencrasieny rpadom 3amad G, HEMOKIMBO BUKOHATH Ha
cucremi S.
2. MiHimi3aIis 3araibHUX 3aTpaT Ha BUKOHAHHS POOOTH B CHCTEMI:
c(Y)® min )
st 3apoBonenHs: QOS-BUMOT TUIaHYBaJIbHUKY MOTPIOHO ONTUMI3yBaTH TIAH 338 OJHUM KpUTEPieM 3
BpaxyBaHHSIM OOMEKEHHS /IS IHIIMX KpHUTepiiB. [y 1[boro moTpiOHO pO3B’A3aTH OMHY i3 YaCTKOBHX

3aJ1a4 ONTHMI3allil, HalpyKJIaJ 3a1a4y 4acoBoi a00 BapTICHOI ONTHMI3Allil:
1. 3apaya 4acoBoi onTUMI3aIlii — MIHIMI3allis YaCcy BUKOHAHHS 3 BpaXyBaHHSIM OIOIKETHOIO OOMEKEHHS:

jt(Y)® min,

|

i c(Y)<B, (10)
ne B — makcumanbHa piHaHCOBaA BapTICTh pecypciB, BUKOPUCTAHHUX Ul BUKOHAHHs poboTu (OromkeTHe
OOMEKCHHST).

2. 3ajaya BapTICHOI onTHMI3allii — MiHIMI3aIlii BapTOCTI BUKOHAHHS 3 BpPaxyBaHHSAM YacOBOTO

OOMEKEHHS:

jc(Y)® min,

|

i t(Y)<D, (11)

ne D —wmakcumasbHO TOMYCTUMHEIA Yac BUKOHAHHS poOoTH (KpaiiHiil TepMiH).

Zamaui (8), (9), (10) ta (11) HasuBaIOTh 3adauamu 6i00OPANCEHHS ANCOPUMMY HA OOUUCTIOBATILHY
cucmemy. 3HaXODKEHHS HaWKpamroro poss’s3ky nux 3amad € NP-moBHowo 3amaueto [4]. Tomy,
BHUKOPHUCTOBYIOTh PI3HOMaHITHI EBPUCTUYHI aJITOPUTMHU IS TIONIYKY HAOIMKESHUX PO3B’ SI3KIB.
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Kaacugikanis anroputmiB niianyBanas

3rifiHo 3 [5] choroIHi € iBa OCHOBHI THITH aJrOPUTMIB IUIaHyBaHHS: Ha ocHOBI best-effort minxomy (Makcu-
MAaJIBHOTO BUKOPUCTAHHSI MOXKIIMBOCTEH) Ta Ha 0cHOBI QOS-miixomy (3a0e3neueHHs IKOCTi 00CTyTOBYBaHHS).

[InanyBanpHUKK Ha OCHOBI best-effort migxomy crpsiMoBaHi Ha JOCSTHEHHsS MEBHOI KOHKPETHOT
METH. MIHIMI3allif0 4acy BMKOHAHHS POOIT, MaKCHMI3allil0 MPOAYKTHMBHOCTI CHUCTEMHM, OITHMI3allil0
yrunizanii pecypciB Tomo. [Ipu mpoMy miaHyBaJdbHHK HE BPaxOBYE TPOIIOBOi BapTOCTI BUKOPHCTO-
BYBaHHX PECYpCiB 1 HEJIOCTAaTHBO MIKIYEThCS MPO 3abe3ledeHHs SKOCTI OOCIYyroBYBaHHS IHIIMX
KopucTyBauiB. IlmanyBauus pobiT Ha ocHoBi best-effort mimxomy Mmoke BHKOPHCTOBYBATHCS B Tak
3BaHHUX napmuepcokux 2pio (community grid), B sxkux opramisaifii-y4aCHHKM HAJalOTh PECYpCH
0e3KO0ITOBHO [5].

KopucryBaui Ipig MOXYTh MaTH JOJATKOBI BMMOTHM IIIOJ0 BHMKOHAHHsS CBOIX mporpam — QO0S
obmexennst. Y [6] Bumineno ' ste QOS-BuMIpiB: uacy, sapmocmi, mounocmi, Haditinocmi, 6e3nexu. Yacose
OOMEKEHHs BU3HAYA€ MaKCUMAILHUI Yac BUKOHAHHS poOiT. BapTicHe 0OME&XEHHS — MaKCUMaJIbHY BapTiCTh
BUKOpHCTaHHA pecypciB. OOMEKEHHs TOYHOCTI BH3HAUA€ SIKICHI XapaKTEPHCTUKH PE3ybTaTy BUKOHAHHS
poGit. OOMekeHHs1 HaaiitHOCTI (200 6E3BIMMOBHOCTI) CTOCYEThCS KUTLKOCTI 3001B i1 YaC BUKOHAHHS poOiT. A
oOMexeHHsI Oe3MeKn BKa3ye Ha PiBeHb CEKPETHOCTI POOIT Ta HaAliHICTh (B TUTaHI OS3MEKH) pecypeiB.

[TnanyBanpHMKM Ha OCHOBI QOS-mimxoay, okpiM 3a70BoJieHHS (YHKI[IOHAJIbHMX BHMOI, Hamara-
I0ThCS afanTyBaTH 1iaH nig Q0S-ooMmexeHHs. Hanpukiaa, cTpaTeriero MiiaHyBaHHS MOXE OYTH uacosa
onmumizayis — MIHIMI3allld 4Yacy BUKOHAHHS 3 BpaxyBaHHSM ONOJDKETHOI'O OOMEKEHHS, 6apmicHa
onmumizayis — MiHIMI3allis BapTOCTI BHUKOHAHHS 3 BpaxyBaHHSM YacOBOr0 OOMEXKEHHs (OOMEKEHHs
KpallHbOTO TEPMIHY).

HaGnwxkeni po3s’si3ku 3amad (8), (9) 3HaxoasTh 3a JOMOMOrOK alrOpUTMIB Ha OCHOBI best-effort
migxoxay, a 3agadi (10) ta (11) po3B’A3yI0Th 3a JOMOMOIOI0 anropuTMiB Ha ocHOBI QOS mimxoxy. Jeski
aJITOPUTMH, PO3pOOJICHI Ha ChOTO/IHI, PO3IIIIHEMO Y HACTYITHUX PO3iIaX.

AJaropuTMu Ha ocHoBi best-effort migxoay

OpHuM i3 HaWOUIBII JOCHIPKYBAaHUX QITOPUTMIB IUIAHYBAaHHS € EBPUCTUYHHUI aJrOPUTM
nianyBanHs cnuckom (list-scheduling). ITnanyBaHHSI CIMCKOM BUKOHYIOTH Y 1Bi (aszu: 1) eusnauenms
npiopumemie pobim, Ha SKiii BA3HAYAIOTh MOCTIZIOBHICT BUKOHAHHS POOIT Ta 2) subip pecypcie — KOKHIM
po0OTi (3riIHO 3 MOPSIKOM, BU3HAYCHUM B Tepiiiil (a3i) mpu3HaYaroTh MAIKHY, SIK& BUKOHYBATUME 110
pobory. IlnaHyBaHHSI CIHCKOM HAa3MBAIOTh CMAMUYHUM WIAHYEAHHIM CHUCKOM, SKIIO (a3a BHOOpY
PECYpPCiB MOUMHAETHCS MiCsS (a3 BU3HAUCHHS MPIOPUTETIB POOIT 1 HAZUBAIOTh OUHAMIYHUM NAAHYEAHHS
cnuckom, SKIO 11i aBi Ga3u BUKOHYIOTH TapasensHo [ 7].

[puKiIa0M CTATHYHOrO MJIAHYBAHHS CIIMCKOM € OJIMH i3 HAWITPOCTILIMX aJTOPUTMIB TUIAaHYyBaHHS —
HLFET (Highest Level First with Estimated Times). [lis Bu3Ha4YeHHsS NPIOPUTETIB POOIT aIropuT™M
BU3HAYAE CTNAMUYHUILL PiGeHb POOIT.

1. 06uncnntn Sl (cTaTuuHWiL piBEHb) KOXHOI po60TK Vi :
SL(v.)=w(v )+ max SL(v.)
Vil P(v) !
2. Nopatw BCi BepwuHn B C B nopsaaky cnaganHa S
3. Moku He kiHeup C:
npusHaunT1 Ans po6otn V. MalwvHy, sika HanWBKUALIE BUKOHAE L0 po6oTy:

. _ 4 H U
I _aﬁgég}lptﬁnim (VC. Py )é

Puc. 2. Ancopumm cmamuunoeo nianysanns cnuckom HLFET.

[IpukiagoM AWHAMIYHOrO TIJIaHYBaHHA crnuckoMm € amroputm ETF (Earliest Time First). Ha
KO)KHOMY KpOIli JUIsi BCIX TOTOBHX JO BHKOHaHHA pOOIT BHM3HA4YaIOTh Ty, sika OyJe BUKOHAHOIO
HaimBuae. I omosa 0o suxkoHawus poboma — po0OOTa, B AKOI BCi 0ATHKIBChKI Bke BHKOHaHI. CripHi
CHUTYaIlii BUPIIYIOTh BHOOPOM POOOTH 3 OULITBIINM CTATHYHHM PiBHEM:
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1. O6unciutn SL (cTaTuuHMi piBeHb) KOXHOT po6oTy V :

2. [lopat [0 CriMCKy roToBux 40 BMKOHaHHS Po6iT BXiAHY poboTy: Ve ® R

3. Mokw € roTosi A0 BUKOoHaHHA poboTtn, R AE:

O6YMCNNTM Yac BUKOHAHHS KOXHOT po6oTu 3i cincky R Ha koxHil MawmHi i
obpaTtn napy poboTa-MallMHa, ika Aa€ HaNWBNALIWIA Yac 3aBepLUEHHS
BUKOHaHHS poboTu:

PO - u
(Ci!J i) _?‘gé’iimlgptfinish (Vp pk)H

Honatv ao cnncky R HoBi roTosi A0 BMKOHaHHA po6oTu: V|P(V)i C®R

Puc. 3. Aneopumm ounamiunoeo nianysanns cnuckom ETF

Pi3Hi anropuT™Mu IIaHYBaHHS CIHCKOM IO-Pi3HOMY BH3HA4arOTh mpioputerd podit [7]. Oxpim

CTaTUYHOTO DIiBHA POOIT BHKOPHCTOBYIOTH Taki atpubytu: t,qp (abo EST — Earliest Start Time) —

HalipaHilMii MOXJIMBHI Yac MO4YaTKy BUKOHaHHs poboru; t, ,» (abo LST — Latest Start Time) —

HANMI3HIIHANE MOXITMBHHA Yac TIOYaTKy BUKOHAHHS POOOTH:

i 0, AKUO Vi = Venyry

o )74 i e () el )y o ons a2
tasar (Vi ) » AKUIO Vi = Vg

tase (V) :Tvﬁnci(rv'i)g’“" (v;)- w(l; )u- w(%), 6 inwony sunaoxy (13)

VY [7] posrmsayro amroputmu HLFET ta ETF a1 roMoreHHHMX CHCTEM — KpUTEpieM BHOOpY
MallliHU B € Yac nouamxy BUKOHAaHHS poOOTH. B rereporeHHUX Tpii-CHCTEMax MallHHU MaloTh Pi3HY
OOUYMCITIOBAaHY TIOTY)XKHICTh, 1 MalllHA, SKa MOYHE BUKOHYBATH pOOOTY HaMIIBUAIIE, HE OOOB’SI3KOBO
HaiimBuame ii BukoHae. ToMy B OMKCI aNrOPUTMIB SK KpUTEpili BUOOPY MAallMHA MU BUKOPHCTAIN 4acC
3a6epuientsi BAKOHAHHS po00TH (IuB. Takox [8]).

OkpiM eBpHCTHYHHX AJITOPUTMIB TUIAHYBAaHHS y KJlaci aaroputMiB Ha ocHoBi best-effort minmxomny, €
METaEeBPUCTHYHI adropuTMU. MeTaeBpUCTHYHI aJITOPUTMH 3aCTOCOBYIOTB JIO XK€ BEIUKUX Ta CKJIaJHUX
3aJlad — BOHU JIal0OTh XOPOIIWK PO3B’A30K 3a HEBENUKHM 4ac. Jlai po3rjisHeMO OCHOBHI METaeBPHCTHYHI
QITOPUTMH, SIKi 3ACTOCOBYIOTH JUTS TUTAHYBaHHS Y TP,

Anroputm GRASP (Greedy Randomized Adaptive Search Procedure) — itepatuBHuii MeTo[
MOIIYKY IUIaHy BHNAAKOBUM uuHOM [5]. Ha KkoXHifl irepamii anroput™ 3HaXOJUTh HOBHUH IUIaH i
Halkpaliui 13 3HalaeHMX IUIaHiB € KiHieBuM I1uiaHoM. GRASP 3ynuHse CcBOe BHKOHAaHHS IPH
3aJI0BOJICHHI KPUTEPIiI0 3YyIMHHKH, HATPUKIIA]], TPU BUKOHAHHI MEBHOI KUIbKOCTI iTepamiii. KoxHy iTepaitito
BHUKOHYIOTH y IBi haszu: 1) nobyoosu ta 2) 10kansno2o noutyxy.

Ha ¢a3i moOynoBu anroput™ renepye pomyctumuii miad (1), To0TO miaH, y SKOMy JOTPUMAaHO
MOPSIIOK  CITiyBaHHs poOIT Ta KokKHA poboTa € 3arutaHoBaHOIO equHWE pas. [dns BuOopy pecypciB
anroput™ Oyaye obmescenuii cnucox xanoudamie C (restricted candidate list, RCL), skuit mictuth
pecypcu-KaHIHMIATH JJIsi BUKOHAHHS KOXKHOT POOOTH, 1 BHINAJKOBUM YHHOM OOHMpAaE pecypc i3 LbOro
coucky. RCL wmoxe wmictutn K maiikpanmx pecypcis (cardinality-based RCL) a6o Bci pecypew,
NPOIYKTHBHICTh SIKMX TepeBuInye aeskuii mopir (value-based RCL).

Ha ¢a3i nokansaoro nomyky GRASP BrukoHye mokparieHHs 3HaieHoro miany. JlokaneHuit mo-
IIYK IIyKae JIOKANbHI ONTUMYMH B OKOJi MOTOYHOTO PO3B’S3Ky 1 TeHEpye HOBHH pPO3B's30K. SKIino
HOBHil PO3B’ 30K € KpallUM 3a MOTOYHUI (HAMPHKIAJ, MAa€ MEHIIUI Yyac BUKOHAHHS), TO BiH 3aMiHIO€
IIOTOYHHM.

Heranbhimie anroputm GRASP Ta #ioro BUKOpUCTaHHS Y TpiJ-CHCTeMaxX po3riissHyTo y [9].

Imitanis rapryBanns (Simulated Annealing) — MetaeBpUCTHYHKI aJITOPUTM IJIaHYBaHHS, PO3pPO0-
JeHuit Ha ocHOBi merony Mownrte-Kapmo [10]. AnropuT™ IpyHTYEThCS Ha iMmiTallil (i3UYHOro mporecy,
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SIKU# BiIOYBAETHCSI ITPU KPUCTATI3aIlil PEYOBHHH 13 PIIKOro CTaHy B TBEp/AWil (HAPUKIIA[, IPH rapTyBaHHI
meraniB). IIpoliec MpOXOAUTh MPHU TOCTYIIOBOMY 3HMKCHHI TemIiepaTypH. BBaaroTh, 110 aTOMH BKE
BHOYyBaJIMCS B KPUCTAJIIUHY PEIIITKY, aJie II¢ A0MYCTUMI MEPEeX0I1 OKPEMHUX aTOMIB 13 OJHIET KOMIPKHU B
iHmy. Takuil mepexia BiIOYBa€eTbcsi 3 MEBHOI HMOBIPHICTIO, TIPH TOMY WMOBIPHICTH 3MEHINYEThCS 3i
3HMKECHHSIM TeMIiepaTypu. AToM abo mepexouTh B CTaH 3 MEHIIMM PiBHEM eHeprii abo 3anuimaeTbcs Ha
ToMy K Micti. [Iporec mMpogoOBKY€EThCS 10 YTBOPEHHS CTIHKOI KPUCTaJIiuHOI PEIiTKH, sKa BiANOBigae
MIiHIMyMY €Heprii aToMiB.

Mok He 3a0BONEHO KPUTEPIlA 3yNMUHKN:

® R

1. JopaTtu A0 CrUCKY roTOBUX [0 BUKOHAHHS pobiT BXiAHY po6oTy: Ventry

2. Mokwu € roTosi Ao BUKOHaHHS pobotn, R1 AE:
CTBOpUTU 06MexeHmit crimcok kaHamaatis C nna po6otn C,

BunaakosmM unHoM o6path MawmHy 3 C ansg po6oTm C;:

i =c

random(|C|)
Jopatn no cnucky R HoBi rotosi fo BUKoHaHHS poboTn: " V|P(V)i C® R

3. BUKOHaTK NOKasbHWii MOLWYK Ha 3HaviaeHomy nnaHi Y :
Y ¢=localSearch(Y)
4. O6paTtn HalKkpalmii po3B’A30K:

Y s = GetBest(Y,YCY )

Puc. 4. Ancopumm naanyeanns GRASP

Ha movatky anropuTMy TeHEpYIOTh JOBUTBHHIA IJIAaH — MAIIMHK JIJIsl BUKOHAHHS pOOIT 0OMparoTh
BUMaAKoBO. Jlami Ha KOXHIM iTepallii reHepylOThb HOBHUH pPO3B’SI30K, BHIAJKOBUM YHHOM 3MIiHIOIOYH
MOTOYHUN TJIAaH — OJIHY 3 po0IT mepeHocsATh Ha iHmry mamuHy. Jami, 3a anropurMoM Merpomnorica,
3aJIMIIAI0Th OJIMH 13 TUIAHIB: MOPIBHIOIOTH HOBHI IJIaH 3 MOTOYHUM 1 3aJIMIIAIOTh HOBHH IUIAH, SIKIIO BiH €
kpammM. Kpammm rmjiaHoM € TOH, 3a SKMM 3arajbHAN 4Yac BUKOHAHHS poOIT € MeHIIMM. [lokparieHe
3HaueHHs 4acy no3Ha4aroth sk 0D . B inmmx Bumagkax HOBMH IUIaH 3aIMIIAIOTH 3 WMOBIPHICTIO

-db
Bomeumana € T , ne T — morouna Ttemmeparypa. Ilicisi HPOXOIPKEHHsS MEBHOI KiIBKOCTI iTepaitiit

TEeMITepaTypy 3MEHINYIOTh. AJTOPUTM BUKOHYIOTh, JIOKM HE OyJAe JOCSATHYTO HAWHIKYOI JTO3BOJECHOL
temnepaTypu. [lin 4ac mbOro mpoIecy ajiropuTM 30epirae Halkpalluii po3B’sA30K 1 MOBEPTAE HOro sk
OINITUMAIILHUM TTiCTISI 3aBEPIICHHS CBOET POOOTH.

IeneTnuHMii aNTOPUTM IJTAHYBaHHS — METACBPUCTHYHHN alNrOPUTM, SIKHUW 3HAXOAUTH SKICHHUH
pPO3B’SI30K 3a7aul TUIAHYBaHHS 1 3aCTOCOBYE JUIsi [bOTO MPHHOUNKM eBomtonii. KoxkeH po3B’s30k
npencTaBieHuid 0c0000 (XpOMOCOMOI0). ['eHeTHMYHHH aaropuT™M MIATPUMYE MOMYJSAIiI0 0ci0, sKi
HaKOUIbIIE eBOIOMiONYBaIH. SIKicTh ocib momymsmii Bu3HA4YaOTh Gyukyicto npudamuocmi (fitness
function). 3ua4enns 1iei GpyHKIIIT BKa3ye, HACKUTBKH 0co0a € KpaIoro 3a iHIii 0co0u momyssiii [5].

TUMOBMII TEHETUYHHUH alTOpUTM BUKOHYIOTH Yy Takui croci6. Ha modaTky CTBOPIOIOTH Mepiry
MOMYJISAMi0, SKA CKIAJAETHCS 3 PO3B A3KiB, 3r€HEPOBAHMX BUIAJKOBHUM 4YHHOM. Jlami, 3acTOCOBYIOUH
TCHETHYHI OMepaTopu CeJeKilii, cXpemieHHs (Crossover) Ta Myrallil, yTBOPIOIOTh HOBHX HAIIaJKIB.
BusHavaloTh MPUIATHICTh KOXHOI 0coOM. HalOinbil mpuaaTHi 0coOM BUKOPHCTOBYIOTH JJISI CTBOPEHHS
HACTYIMHOI MOMYJIAIii. AJIITOPUTM MPOMOBKYIOTH BHKOHYBATH JO 3aJIOBOJICHHS KPUTEPI0 3YIMHUHKU: IO
BHKOHAHHS IMEBHOI KUIBKOCTI iTepailiif a00 10 JOCATHEHHS MEBHOIO PiBHS MPUAATHOCTI.

JJist CTBOpEHHSI TEHETUYHOTO JITOPUTMY IUIAaHYBaHHS TOTPIOHO BU3HAYHMTH CIOCIO TpeIcTaBIeHHS
0ci0, pYHKIIIIO0 MPUAATHOCTI Ta TEHETUYHI OIIEPATOPH.

Haitrommipenimmm crmocoboM MpeACcTaBaeHHsT 0Ci0 MOmyIAalii € dsosumipHe TIpencTaBieHHS [5].
Hanpukmnan, KokeH TUTaH 3alKMCYIOTh y BUTJISIL JBOBUMIPHOIO MAacHBY: B OJHOMY BHUMIpI BKa3yrOTb
HOMEpU MalllMH, a B IHIOIOMY — pOOOTH, SKi BHKOHYBaTUMYTh Ha LUX MamuHaxX. J[1s BUKOHAHHS
TEHETHYHHUX MaHIMyJIsIiii TBOBUMIPHUI MacUB KOHBEPTYIOTh B OJJHOBUMIipHHii [11]:
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i 2 [—

P2 | | v | | Plf V1i—Vs .

J O B Fo.

P | L I G E

P opavs s

@ p4| | ¥ | | teesesesereoostonanesd !
© Q)

@ (@) vi(p1) = ve(p1) = va(p2) = va(p3) = va(p3) = vs(pa) (@)

Puc. 5. Ilpeocmaenenns naany (0cobu nonyiayii) 6 2eHemuuHoMy
QneoOpUMMI NIAHY8AHH: ) 2pagd pobim; 6) nian eUKOHAHHS pobim; 8) 0808UMIDHE
ma 2) 0OHOBUMIPHE NPEOCTNABNICHHS NILAHY

OyHKIS TPUIATHOCTI MOBHHHA CIPHUATH (OpMYyBaHHIO PO3B’SI3KiB, SIKi HaWKpalle 3aJ0BOJbHSI-
TUMYTh METY IUIaHYBaHHs. Hampukian, SKIIO METOI0 € OTPUMaHHS MIHIMQJIBHOT'O 4acy BHKOHAHHS, TO
MPUAATHICTh 0COOM MOXKHA 00UHCIIIOBATH 3a (POPMYIIOIO

F(Y.)=mint(Y,)-t(Y,), (14)

ne Y —mnorouna momysis. Ocoba 3 GUIBIINM 3HAYEHHSIM TPHIATHOCTI € KPAIIoko.

[Ticnst oOuKMCNeHHsT MPUAATHOCTI, HOBI OCOOM MOPIBHIOIOTH i3 0co0amMu MOIEpeAHbOI MOyl i
BUKOHYIOTb CeleKyil0 — 3aHIIalTh THX 0cCi0, sfKi HaHYyCHIIIHIIIE CEBOIOIIOHYBAIM Yy TMOTOYHOMY
mokominHi. Pi3Hi MeToau cenekii po3riasHyTo y [5].

[HII 1Ba reHETHYHI OIEepaTopy — CXPEIICHHS Ta MyTallil — 3aCTOCOBYIOTh JJI OTPUMAaHHS HOBHUX
oci0 momymsmii. CxpewjenHsi BUKOHYIOTh HaJl JBOMa 0cO0aMU MOMYJISIil IUIAXOM KOMOIHYBaHHS IX
YaCTHH. I1iest CXpEeleHHs MMOJIArae y TOMY, 1110 KOMOIHYBaHHSIM JIBOX IIPUIATHUX OCI0 MOXKHA OTPUMATH IIe
OUIBII pUAATHY 0c00y. Mymayii NarTh 3MOTY IOYIpHUM 0CcO0aM OTPHMATH BIACTHBOCTI, SIKUX HE MAlOTh
0aTHKIBCBKI 1 I[MM MOTEHIIIHHO MOKPAIIUTH TeHeTHYHUI MaTepian. YacTory, 3 sSKOW BHKOHYIOTh MYTallii,
BH3HAYaIOTh EKCIICPUMEHTAILHUM KoedillieHToM. JeTanpHille CrociO BUKOHAHHS OIepalliid CXpeIIeHHs Ta
MyTallil y TeHeTHYHOMY aJIrOPUTMI IJIaHyBaHHs omucano y [11].

AJaroputMu Ha ocHoBi QOS mixxoxy

Ha BigMiny Bix anroputmis Ha ocHoBi best-effort migxony, anroputmu Ha ocHoBi QOS miaxoay mpu
PO3B’sI3yBaHHI ONTHMI3AIiiiHOI 3amaui BpaxoByiOTh QO0S-oOMexeHHs. Cporomni miarpumka QOS-
OOMEKEHb B alrOpUTMax IUIaHYBaHHS 3HAXOMUTHCS Ha Iy)Ke momepenHbomy erami [5]. Bimbmricts
QITOPUTMIB TUIaHYBaHHS Ha OcHOBI QOS mMigXoay BHUKOHYIOTH IUJIAHYBAaHHS 3 4acoBHM abo0 OIOKETHUM
obMexeHHAM. [lnanysanns 3 6r00xcemuum obmedxcenHsm po3B’sa3ye 3amady vacoBoi ontumizartii (10), a
NIAHYBAHHA 3 HACOBUM 0OMeEdHCeHHAM PO3B’ A3y€ 3a7a4y BapTiCHOT onrtumizariii (11).

AnroputM momyky 3 mnoBepHeHHsiM (Back-tracking), skuii posrmsiayro y [12] BuKOHye
TUTaHyBaHHS 3 4acOBUM OOMexeHHsSM. Ha KkoxHii iTepamii aJrOpUTMy KOXXHY T'OTOBY JO BHUKOHAHHS
po0OTY TNpH3HAYAIOTH Ha HAMJAEIIEBIY MAaIUMHY 31 cnucky Hasaenux mawun. CKIQQHIIN POOOTH
MPHU3HAYAIOTH TIEPIIMMH; CEpe/l MAIIUH OJIHIET BAPTOCTI 0OMPArOTh MOTYXHIITy. [licist hOro 00YHCITIOITH
3arajbHAN 4Yac BUKOHAHHS BCIX MPHU3HAYEHUX POOIT. SIKIO Iel Yac IEepeBUIINYE YacOBE OOMEKEHHS,
MOBEPTAIOTHCS JIO TIOMEPEIHBOT0 KPOKY allTOPUTMY, BUAAJSIOTH HAMICIIEBIY MAIIMHY 31 CIIUCKY HasBHUX
MallliH IbOTO KPOKY 1 Mepenpu3HavaoTh poOOTH. SKIIO CIHUCOK HAasBHUX MAallMH — MYCTHH, TO
MOBEPTAIOThCS e KPOK Hazaj, 3BYXKYIOTh CIIMCOK HAasBHUX MAlIWH I[LOTO KPOKY 1 MepernpH3HavdaroTh
poOOTH. ANTOPUTM BHKOHYIOTb, JIOKH JUIS BCiX POoOIT HE Oy1yTh PHU3HAYCHI MAIIHHH.

Anroputm 4yacoBoro posnoniny (DeadlingTime Distribution), sikuii onucano y [13] — mie oaux
CBPUCTUYHHI alTOpPUTM IUIAHYBaHHS 3 YacOBUM OOMEKEHHSM. ANTOPUTM pO3ALISE BCi poOOTH Ha
YaCTMHU 1 KOXHIM 4YacTUHI NpH3HAyYa€e KIHIEBUH TEpMiH; BIANOBIAHO, 3arajibHy 3ajadyy ILUIaHYBaHHS
PO3IUIsS€E HA Mif3aAaui IVIAHYBaHHS I KOXKHOT YaCTHHH.
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O IIpocma poboma

D Cunxponizayiina poboma

Puc. 6. I'pynysanus pobim

Bci pobotu po3auIsioTh Ha npocmi pobomu 1 cunxponizayiiuni pooomu. CHHXpOHi3alliiiHa podoTa —
poboTa, sika Mae Oiblne oHiET 0ATHKIBCHKOI 00 T0UipHBOT poOOTH. [HII pOOOTH, K1 MAIOTh TUTBKH OHY
0aTBKIBCHKY 1 OJTHY JIOUipHIO pobOoTy, € mpocTuMu. [Ipocti pobotu 3rpynoBytoTh. ['pymna — Ha0ip 3aneKHIX
MpOCTUX po0IT, AKi BHUKOHYIOTH TMOCTIIOBHO MDK JIBOMa CHHXpOHI3almiiHUMEH pobotamu. KoxknHy
CHHXPOHI3aIiiHY POOOTY TEX BUAUISIOTH Y TPYIY.

[Ticns rpymyBaHHS 3arajibHe 4YacoBe OOMEXEHHs TUIATh HA YaCTHHH, MPOIMOPILiiiHI MiHiMaJ]LHOMy

4qaCy BUKOHAaHHA rpyny, TaKMM YMHOM BU3HA4YalOThb KlH]_[eBI/II/I TeleH BUKOHAHHS KOXXHO1 Ipymu: td

eadline *
. AV o .
Tako IjIsi KOXKHOI TPYIMH JOAaTKOBO OOYMCIIOIOTH YaC TOTOBHOCTI trea — HaWIIBUAIIANA 4ac, KOJIH
MOYKHA [T0YaTH BUKOHYBATH IEPITY poOOTY Ta OUIKYBaHHIA YaC BUKOHAHHS t%tl mate -
N 2\l
_ ] 0, AKWO entryI Vv
v, =t
ready .
¢ max tdeadllne’ 8 [HUOMY GUNAOKY (15)
fvll P(v')
v o v (16)
edimate — “deadline ~ ‘ready

[Ticns mboro 0OYMCITIOTH KIHIIEBUN TEPMiH BUKOHAHHS KOXKHOT pOOOTH:

tt\jlieadline = tr\lleeldy t;inme (17)

} 0, axupo P (v ) = /E
th =
ready ; magx)tdeadlme, 8 IHUOMY 8UNAOKY (18)

mint(v, p.
tY _ piP ( ' pJ) tv! vy
estimate ~ O . estimate? Vi
mint(v,
vk?{h Pl Pt( K pm) (19)

Marouu KiHIIEBUH TEpMiH BUKOHAHHS KOXKHOI pOOOTH, MOXKHA CKJIACTH JIOKAJIbHI ONTUMAJIbHI IJIaHH.
SIKIIO0 KOXKEH JIOKaNbHHWH IUIaH TapaHTye BHKOHAHHS CBOEI POOOTH B MEXKax JIOKaJbHOTO KiHIIEBOTO
TEpMiHy, TO 3arajbHy poOOTy OyJe rapaHTOBaHO BHKOHAHO B MEXKaX 3arajbHOr0 KIHIIEBOI'O TEPMiHY; a
BapTiCHA ONTHUMI3allisg KOXHOTO JIOKAaJbHOTO IUIaHY NPUBOIUTH JO BapTICHOI ONTHMI3allii 3arajibHOrO
TUTaHy. 3arajlbHUH MJIaH OTPUMYIOTH 00’ €THAHHSM BCIX JIOKAJIbHUX TIaHIB.

VY [11] onucaHO TeHeTHYHMil AJIrOPUTM Ul IJIaHYBaHHS 3 OFODKETHUM Ta YaCOBUMH OOMe-
KeHHsM. DYHKINS NPUAATHOCTI CKIANAEThCS 3 JBOX YaCTHH. GAPMICHOI NpuoamHocmi Ta 4acoeoi
npudamnocmi. BapTicCHy NpUAaTHICTh OOUHCITIOIOTH 32 POPMYJIOH):

Foe (Y1) = e(v.)
s (Y1) = (20)
2 €max c(Y );

@Y Ty

ne @ =1 sxuio kopucTyBau 3a1aB OromkerHe ooMexenns i & =0 B iHmoMy BumaKy.
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3Ha4eHHs BapTICHOT MPUAATHOCTI cripusie 1) popMyBaHHIO IUIaHy, SIKMI 3aI0BOJIbHATHME OFODKETHE
OOMEKEHHsI MpH TUIAHYBaHHI 3 OIO/HKETHUM OOMEKEHHsSM; 2) BiOOpy IUIAaHIB MEHINOI BapTOCTI MpHU
IJIaHYBaHHI 3 YaCOBMM OOMEKCHHSIM.
YacoBy MpUAaTHICTh O0YHUCITIOITH 33 (HOPMYJIOH:
b (21)

(v) =—
D" gm%t(vj)a

ne b =1 sxmo kopuctyBau 3a1as yacoe ooMexenns i b =0 B inmomy Bumaaky.

F

time

3HaYeHHs YacoBOT NPUAATHOCTI cripusie 1) BiOOpy TUIaHIB 3 HAWIIBUAIIAM 4aCOM BUKOHAHHS MPH
IUIAaHYBaHHI 3 OIO/DKETHHM OOMEXKEHHsM; 2) (OpMyBaHHIO IUIaHIB, SKi 3aJOBOJILHATUMYTh YacOBE
O0OMEXEHHS TIPH TUIAHYBaHHI 3 YaCOBUM OOMEKEHHSIM.

Jis IaHyBaHHS 3 YaCOBUM OOMEKEHHSIM KiHIleBa (DYHKIIiS IPUAATHOCTI Ma€ BUTJISII;

iF (Y:), FE (Y. )>1
F(Yi):% ine (Y1), #1240 Fipe (Y1) > (22)
T Foost (Y i ), 8 [HUOMY BUNAOKY
Jiist TaHyBaHHS 3 OIOJDKETHUM OOMEKEHHSIM KiHIleBa (DYHKI[iS IPUIATHOCTI MA€ BUTJIS:
PP (Y), sxwo F o (Y,)>1

T Fime (Y i ), 6 IHWOMY BUNAOKY

BucHoBku Ta MaiiGyTHs podoTa

EBpucTHuHi aaropuTMu IUlaHyBaHHS Ha ocHOBi best-effort mimxomy 3maTHi 3HAXOAMTH XOPOIIMIA
pPO3B’SI30K 3a/avi IUTaHYBaHHS 3a MoJiHOMianbHHMK uac. IcHye Oarato Momudikamii eBpUCTUYHHX
QIITOPUTMIB, PO3POOJCHUX JUIS IUIAHYBaHHS pPOOIT KOHKpETHOro Tumy (CrenudiuyHoi CTPYKTypH,
IHTEHCHBHHMX 3a O0UHCIIEHHSIMH Ta IHTEHCMBHMMH 3a JTAHUMH, TOIIIO).

MeraeBpUCTHYHI AJITOPUTMH PO3B’ A3YIOTh 33/1a4y TUIaHYBaHHS ITEPATHBHO, BUKOPHUCTOBYIOUH TIO-
IIYK BUMAJIKOBUM YHHOM. [lepeBaroto MeTaeBpUCTHYHUX AITOPUTMIB € Te€, III0 BOHU 3HAXO/STH ONTHMAITh-
HUH TUIaH, SIKUA TPYHTYETHCS Ha MPOIYKTHBHOCTI BUKOHAHHS BCIX pOOIT 3arajioM, a HE OKPEeMO B3STHX
poOIT, SIK y eBpUCTHYHHX anroputMax. OTKe, Ha BiIMIHY BiJl EBpUCTUYHHX AITOPUTMIB, METACBPUCTHYHI
MOXKYTh 3HAXOIMTU XOPOIIMH PO3B’A30K 3ajayi IUIaHyBaHHSA IS poOIT pi3HOI crenudiku, 30KkpemMa s
po0it, mpeacTaBieHuX rpadoM podiT BETUKUX PO3MIpPIB Ta CKIaAHOI cTpykTypu. OnHaK, 4ac, HeoOXimHui
JUIS 3HAXO/KCHHSI ONTUMAJILHOTO TUIaHY Y METAeBPUCTUYHUX alNTrOPUTMIB, € 3HAYHO OUIBIIMM, HIX Y
CBPUCTUYHHX.

ANTOPUTMH TUTaHYBaHHS poOiT Ha ocHoBi best-effort mimxomy mpumaTHi 118 BHKOPHCTaHHS B
HEBENMKUX IHTparpilax Ta NapTHEPCHKHX TpiJ, B SKAX YYaCHHKH TPII-CUCTEMH HAJAIOTh PECYpPCH
0E3KOIITOBHO, aJie He MPHUAATHI JJIsl BAKOPUCTAHHS Y KOPIIOPATHUBHUX TPi-CHCTEMax Ta IHTeprpiiax, siki
00’ eqHYIOTh JCKINIbKa OpraHi3ailid 1 B SKHX BaXXJIMBUM € 3a0e3ledeHHs SKOCTi oOciayroByBaHHs. Ha
BIZIMiHY BiJl aJITOPUTMIB IUTaHyBaHHs Ha OcHOBI best-effort migxomy, siki BpaXoBYIOTh TUTbKH OIHY ILJIbOBY
¢byHKItifo (HampyuKiIam, ONTUMI3AII0 Yacy), alfOPUTMHE IJIaHyBaHHSA Ha ocHOBI QOS-migxomy BHKOHYIOTH
TUTaHyBaHHS 3 BpaxyBaHHsM QO0S-00MeKeHb.

Binbiricts po3po0iieHUX aJITOPUTMIB IUTaHYBaHHS Ha OCHOBI QOS-TiaXomy po3risaaaloTh OIOPKETHI
abo0 yacoBi 0OMeXeHHs. AJie y IpiJ-cHCTeMaX, OKpiM 00OMeXeHb OI0JDKETy Ta yacy, KOpUCTYyBadi MOKYTh
BHMaraTH JTOTPUMaHHS OOMEXEHb TOYHOCTI, HaiitHOCTI Ta Oe3neku. OKpiM IIbOro, y iHTEerpiax noTpioHo
BpaxOBYBaTH IOJITHKY YTHII3alil pecypciB KOXHOTO OKPEMOTro JIOMeHYy. ToMy akTyalbHHM € po3poOka
AITOPUTMIB IUIAaHYBaHHS, SIKi OyIyTh pO3B’ A3yBaTH ONTHMI3alliiHy 3a/1a4y IJIaHYBaHHS 3 0araTOBUMIpHUM
QO0S-00MexeHHSIM Ta KUTBKOMA LUTBOBUMH (QYHKITISIME, JIESKI 3 SKHX MOXYTh KOH(IIIKTYBATH.
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