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BCTYII

HaBuanbna paucnururina "TexHosorii po3MOAUIEHUX CHUCTEM Ta MapajedbHUX
0o0UYHCIIeHb" BUBYAETHCS CTyJeHTaMu Hampsamy miarotoBku 6.050101 — "Komm’rorepHi
Hayku" y VIl ta VIl cemecTpax. AKTyanabHICTh BHUBUEHHS OCHOBHUX IIOHSTH TeOpii
napajieTbHUX OOYHMCIIeHb CIelialicTaMd B Taly3l KOMIT IOTEpHUX HayK 3yMOBJIECHA
HAsBHICTIO 3HAYHOI KUIBKOCTI MPAKTAYHO BAXJIMBUX 3aJa4 BEJIUKOI PO3MIPHOCTI,
pO3B’si3aHHS  SKUX MOTpeOye mapajseabHOr0 BUKOPUCTAHHS  BEJMKOI  KUIBKOCTI
PO3MOAUICHUX O0YHCIIOBAIBHUX pecypciB [1]. ToMy BaKIMBOIO CKIJIAJOBOI MPOIECY
nigroropku (¢axiBuiB chepu IT € BuUpoOJICHHS 3HAHBL Ta HABUYOK, 5Kl CTOCYIOTHCS
PO3YMIHHS Ta BUKOPUCTAHHS Cy4aCHUX METO/IIB MapajeabHOro IporpaMyBaHHS.

[TociOHMK MICTHTh YOTHPH PO3IUIH, SKI CKIANalOTh MEPITy YacTUHY Kypcy. Y
NEePIIOMY pO3J1Jl HAaBEICHO OCHOBHI O3HAYEHHS Teopil mapajelbHUX OOYHCICHb. Y
APYroMy pPO3JALTI PO3IIIIHYTO TapajelibHy OOpOoOKYy JaHHMX 1 OCHOBHI XapaKTEPUCTUKH
napajejbHUX CHCTEM, OMNHCAHO HAWOUIBINI MOMyJspHI MiAXOAM [0 Kiacudikamii
napanelbHUX OOUYMCITIOBATBHUX CHCTEM. 3aBEPIIYETHCS PO3ILT OMKUCOM TMPHHIIMITIB
(GYHKIIOHYBaHHS Ta OTJISIIOM MOJMBOcTed riaobanbHoi TexHosorii GRID. ¥V tperromy
PO3AUTL PO3TJIIHYTO OCHOBHI MOJEINI, SIKi BUKOPUCTOBYIOTHCS IS OMKCY MapalelbHUX
CUCTEM 1 BHUKOPUCTOBYIOTh TMOHATTA rpada alropuTMy, OIKMCAHO KOHIICHIIIO
HEOOMEXKEHOro mMapajeii3My Ta HaBEACHO TMPUKIAJMA BUSBICHHS 1 BHUKOPHUCTAHHS
BHYTPIIIHHOTO TMapajienizMmy y "3BUYalHUX" TMOCHIIOBHUX QJITOpUTMax. Y UYETBEPTOMY
PO3UTL PO3TISIHYTO MPOrpaMyBaHHs 3 BUKOPUCTAHHSM MOTOKIB Y cepeoBHUIax Java Ta
NET Framework.

VY nociOHMK HE YyBIMILIOB MaTepial, SIKHMil CTOCYEThCS MapajelbHOro MPOrpaMyBaHHS
y cuctemax MPI ta OpenMP. Onuc Ta mpukiagy BUKOPHCTAHHS IIUX CHUCTEM MOJKHA
3HalTH B [2-4] abo Ha pecypcax [10, 12].



1. NMOHATTA PO MAPAJIEJIBHI TA PO3INOAIJIEHI OBYUCJIEHHSA
1.1. TIlocainoBHi o04yucaenns (Serial Computing)

VY mpoueci po3poOKM Ta BUKOpPUCTaHHsA mporpamHoro 3aodesneueHHs (I13) s
nocuidosnux obuucnens (Serial computation):
e 3anauya po30MBAETHCS HA JUCKPETHY MOCTIAOBHICTh IHCTPYKIIIH (OTIEpaTopiB).
e [HCTPYKIIiT BUKOHYIOTBCS MOCTIJOBHO OJHA 32 OJIHOIO.
e Ko nporpamMu BUKOHYETBCS Ha €JUHOMY Tiporiecopi (single processor).
¢ B KOXHHI1 MOMEHT Yacy MO>K€ BUKOHYBATHUCS TUTbKH OJHA IHCTPYKIIis.
CxeMa mocIiJIoBHUX 004KCIIeHb HaBeleHa Ha puc. 1.1.

problem

instructions

Puc. 1.1. Cxema l'IOCJ'IiI[OBHI/IX 00YHCIICHD

IMpuxnaa. Posrnsaemo mpouenypy HapaxyBaHHsI 3apoOITHOI IUTaTH TMPAIliBHUKIB
MIATPUEMCTBA 3 BUKOPUCTAHHSAM TIOCIIOBHOTO Miaxoay. BigmoBigHa cxema HaBe[eHa Ha
puc. 1.2.
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Puc. 1.2. Cxema oOuunciaeHHs 3apIiaTi

1.2. Tlapaaeanhi oounciaenns (Parallel Computing)
Iapanenvhi obuucienns — OAHOYACHE BUKOPUCTAHHS KiTbKOX pecypciB EOM mis
PO3B’s13yBaHHs OOYMCIIOBATILHUX 3a/1a4:

e 3anmaya po30MBa€THCS HA MiA3a4ayl, AKI MOXKYTh BUKOHYBAaTUCS Y OJUH 1 TOH camuid
MOMEHT 4acy.



e KokHa mig3agada B CBOIO Yepry po30MBA€THCS Ha MOCHTIIOBHICTh IHCTPYKITIH.

e [HCTpyKIIIT KOXKHOI Mi/13a7a491 BUKOHYIOTHCS OJTHOYACHO Ha PI3HUX MPOIIECOpax.

e VYV mporeci 004YMCIEHb BUKOPUCTOBYETHCS 3arajJlbHUM MeXaHI3M KOHTPOJIIO-
KOOpMHAIII].

Cxema mapanenbHUX 004YHCIIeHb HaBeAeHa Ha puc. 1.3.
OOuncroBaIbHA 3aja4a Mac:

e JlomyckaTu po30UTTS Ha HE3AJICKHI MMiA3amadi, SKi MOKHA BHUKOHYBAaTH OJHOYACHO
(momyckaTu nmapajesnizm).

e 3 BUKOPUCTAaHHSAM KUIbKOX OOYHMCIIOBAJLHUX PECYPCIB, MPAIIOIOYMX MapajeibHo,
pPO3B’sI3yBaTHCS 3a KOPOTIIMA TPOMIKOK 4Yacy, HIX 3 BHUKOPHUCTaHHSIM OJIHOTO
nporecopa.

Ilapanenizm — 11e CyKynHICTh MAaTEMaTUYHUX, aJTOPUTMIYHUX, IPOTPaAMHUX 1 ama-
paTHUX 3aco0iB, IO 3a0€3MEUyI0Th MOXKIIMBICTh MapajieIbHOTO BUKOHAHHS 3a/1a4l.
[Tin TumoBUMH OOYMCITIOBAIBHHMH pPECypcamH, sIKi BUKOPHCTOBYIOTH Y IIpOIIECi
napaneIbHUX O0YHCIEHB, PO3yMIIOTh:
e OauH KOMIT IOTEp 3 KLIBKOMA TIPOIECOPAMH.
e JloBUIbHY KUIBKICTh KOMIT FOTEPIB 3’ €IHAHUX Y MEPEKY.

problem instructions

N i3 12 1

Puc. 1.3. Cxema napajienbHUX 0OYUCIICHb

Vo
R R

IMpuxnan. Posrnsaemo mpouenypy HapaxyBaHHsSI 3apoOiTHOI TUTaTH TPAIliBHUKIB
MIIMPUEMCTBA 3 BUKOPUCTAHHSIM TapajiebHOTO Miaxoay. BianoBigHa cxema HaBelleHa Ha
puc. 1.4.

1.3. 3aco0u nus 3xilicHeHHs MapaJieJibHUX 00YUCIeHb

3acobu, AKi Aal0Th 3MOTY BTUIMTH MapagurMy napajienizMy, MOKHa Kiacu(iKyBaTu
HACTYITHUM YHHOM:
e amaparHi
O 3aco0u aJis MPOBEACHHS 00YKCIIeHb (00YMCITIOBAIbHA TEXHIKA)
= o0umciIIOBaJIbHA TEXHIKA, 310paHa 3 CTAaHAAPTHUX KOMIUICKTYIOUHX;
= o0umciIIOBaJIbHA TEXHIKA, 310paHa 3 CrelialbHUX KOMIUICKTYIOUHNX;
O 3aco0u Bi3yasizarlii;
o 3acobu nyis1 30epiranHs 1 0OpoOKU JaHUX;
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® mporpamHi
O TporpamHi 3aco0u 3arajbHOTO MPU3HAYEHHA (OmepaliiiHl CUCTeMH, CTaHAapTHI
010J110TeKH, MOBU MPOTpaMyBaHHs, KOMIIATOPH, npodaitnepu, nedarepu i T.11.);
O chemiaigpHl mporpamHi 3acodu: 6i6miotexku (PVM, MPI); 3acobu 00’eqnanHs
pecypcis (Dynamite, Globus Ta inmmi).

problem instructions

do_payroll(emp1)

do_payroll(emp2)
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Puc. 1.4. Cxema napanenbHOTO OOUHCIECHHS 3apIiaTh

1.4. TlapajnejbHi KOMII'IOTepH

Ilapanenvni komn tomepu NONIISAIOTHCS Ha:

e (CyuyacHl aBTOHOMHI KOMIT'toTepu. BoHM € mapanenbHUMU 3 TOYKU 30pY iX BHYT-
pITHBOT OY0BH:

o HasBHicTs uncnennux ¢yHkuioHaabHUX MoayihiB (L1-kem, L2-kemr, mpuctpoi
nornepeKyBanbHoro Bubopy komann (prefetch), decode, floating-point,
rpadiuni mporecopu (GPU), momymi mjis 1i0i Ta qiCHOT apuMETHKH 1 T.1.)

o bararosaepnicts un 6araronporecopuicts (Multiple execution units/cores).

o Ilintpumka Bukopuctanns norokis (Multiple hardware threads)

e Knactepu, siKi CKIaNalOThCA 13 KUTBKOX POOOUYMX CTaHIH, 3’€IHAHUX MEPEKEIO

(muB puc. 1.5).



http://www.csa.ru/skif/kurs_3/q_17.html
http://www.csa.ru/skif/kurs_3/q_19.html
http://www.transitives.com/
http://www.globus.org/

Puc. 1.5. Cxema knactepa

Hamnpuknan, na puc. 1.6 HaBegeHO cXeMy THIIOBOTO KiacTepa JUJIsl MapajielIbHUX
oOuucieHsp, ski BukopuctoBytoThess B LLNL (Lawrence Livermore National Laboratory).
Bnacrusocri:

o KoxHuii 00uncIIOBaIbHUM BY30J1 caM € 0araTompoIeCOPHUM KOMIT FOTEPOM.
e Bys3mu kimacrepa 3’eqnani y Infiniband mepexy.
e Kiactrep MicTUTh 6araToOmpoOIECOPHI BY3JIHM CIEIIaJbHOTO TMPU3HAYEHHS, SKI HE

BUKOPUCTOBYIOTHCS JUIsl OOYHMCIICHD
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Puc. 1.6. Cxema 6ynou kiacrepa LLNL

Jani mpo HaWOIBINI y CBITI MapajiebHl KOMIT IOTepU (CYNEpKOMIT I0TEpH),
nepeBaXkHa OUTBIIICTD SIKUX € KJIacTepaMu, HaBeAeHo Ha caiTi 10p500.0rg.

1.5. AkTyajbHicTh BUKOPUCTAHHS NapaJieJIbHUX 004YHUC/IeHb

BaxyuBicTh TOCTIIPKEHHSI Ta BUKOPUCTAHHS TapajeibHUX OOYHCIEHb 3yMOBJICHA
HACTYITHUMU IPUYNHAMH:

a) Heuwa y peanvnomy ceimi siodysaiomwvcs napaneavro (The Real World is

Massively Parallel).

Tomy mapanenabHi OOYHCICHHS € 3HAYHO OUIbII MPUIATHUMHU JIJII MOJCIIFOBaHHS
CKJIQJIHUX B3a€EMOIIOB’SI3aHUX 00 ’€KTIB, SBUIL, CHUCTEM Ta NPOLECIB TMOPIBHAHO 13
MOCJTIIOBHUMH OOYHMCIICHHSIMH.

6) ExoHoMis uacy Ta rporieii:

BUKOPUCTAHHS 3HAYHUX OOYHMCIIOBAIBLHUX PECYpPCIB MOXKE MPHUIIBUIIUTH MPOIIEC
3HAaXOJKEHHsI PO3B’S3KIB CKJIAJHUX 3a/ad, MPUYOMYy BUTpAIl BiJ ONEPATHUBHOCTI 4acToO
MEPEBUILYE BAPTICTh BUKOPUCTAHHS T0JATKOBUX PECYpCIB

B) [lapanenpHi KOMI'IOTEpH MOXKYTh OYTH MNOOYJOBaHI 13 JEHIEBUX 3PYYHUX

KOMITOHEHTIB.


http://top500.org/

r) MOXIUBICTh 3HAXO/KEHHS PO3B’SI3KIB CKIAAHUX MPAKTUYHUX Ta TEOPETHUHUX

3a1a4:

JHloGpe BimoMo, 110 6araTo MPaKTHYHO BAXKJIMBUX 3a]a4 MAlOTh HACTIIBKU BETUKY
PO3MIpHICTh, IO MPAKTUYHO HEPEATbHO iX pPO3B’s3aTH HA OJHOMY IEPCOHATHLHOMY
KOMIT FOTEP1, 0OCOOIUBO 13 OOMEKEHOO TTaM’ STTIO.

[Mpukmagom Takux 3agad € 3amadi 13 mepeniky "Grand Challenge Problems™
(en.wikipedia.org/wiki/Grand_Challenge), sixi BumaraiooTh Bukopuctanas PetaFLOPS i
PetaBytes koM’ t0TepHUX peCypciB.

e omun mnpukiaa: Web-momykoBuky, siKi BUKOHYIOTh MIJIBHOHHM TpaH3aKIik
IOCEKYH/IH, Ta 3a7adi nmporuo3y moroau. O6macte po3B’s3Ky (aTMocdepa) po30MBaAETHCS
Ha OKpeMi MTPOCTOPOBI 30HH, MPUUOMY IS PO3B’ 3Ky YaCOBHUX 3MiH OOUMCIICHb B KOXKHIN
30H1 IIOBTOPIOEThCS Oarato pasis. SKmo 06’eM 30HM piBHUI 1 KM3, TO U MOJEIIOBAHHS
10 xm mapy armocdepu HeoOxinHo 5 x 10® Takux 30mH. [IpunycTuMo, o0 OGYMCICHHS B
KOXHIH 30H1 BuMarae 200 omepariiii 3 TUIaBarodoi0 Kpamkoro, TOJIi 32 OJIMH YaCOBHM KPOK
HeoOxinHo BukoHatn 10! omepamiii 3 miaBarouoro kpankor. J{is Toro, mo6 mposecTu
PO3paxyHOK MPOrHO3Y MOrou 3 nepeadoadueHusam Ha 10 nHiB 3 10-TH XBUIMHHUM KPOKOM B
gaci, EOM mnpoaykrusaicTio 100 Mflops (108 omepamiii 3 miaBaro4oro Kpamkow 3a
cekyHay) HeoOximpo 107 cexynn um momax 100 gmis. Jlng Toro, mo6 NpoBecTH
po3paxyHok 3a 10 xB, HeoOxiqHa EOM npoaykrusHictio 1.7 Tflops.

1) 3abe3nedeHHs OJHOYAaCHOCTI 0araThbox i (concurrency).

Hampukian, kopnopaTUBHI MEPEXi JAlOTh MOXIJIHMBICTH OJHOYACHO BUKOHYBATH
poOOTYy OaraTboM mparliBHUKaM.

€) Bukopucranus riiodajibHUX PeCypCIB:

Buxopucranns pecypciB LAN abo Internet y Bunagky, KoM JIOKadbHI
00U CITIOBANIbHI PECYPCH HEJOCTATHI.

€) Kparie BukopucTanss nmapajieabHOTo anapaTHOTO 3a0e3MeUeHHS:

Cyuacui [TEOM Ta ramkeTu MaioTh MapajeiabHy OaraTtosijiepHy apXIiTeKTypy.
[Tapanensne 113 3HaYHO Kpallle BUKOPUCTOBYE MOXJIMBOCTI LUX MPHUCTPOIB y 3B’SI3KY 13
BpaxyBaHHSIM 0araTormoTOKOBOCTI Ta 0araTosIIEpHOCTI, HDK TPOrpamu, pPo3poOsieH] Yy
MEKaX «IOCIIJIOBHOTO T IXO0IY».

IlepcniekTHBY BUKOPUCTAHHSA NapajieibHUX 00UHCIEeHb

3rifiHO 70 MPOrHO3iB, HaBeaeHuX y [1], Tpena ocranuix 20 pOKiB, SKHil MOJSITae y
BUKOPUCTAaHHI MIBUIKUX MEpPEeXK, OaraTOMpOIECOPHUX aAPXITEKTYp Ta PO3MOAICHHUX
apXxiTEKTyp, SICHO BKa3ye Ha Te, IO MAUOYMHE 8 MEXHOLOIAX KOMN T0MEPHUX 00YUCTIeHb
30 napanenizmMom.

Ha puc. 1.7 MoxxHa nepekoHaTHCs, 1110 3a Il NepioJl CIIOCTEPIraeTbCs 3POCTAHHS
MPOJIYKTUBHOCTI cynepkomm ’1oTepiB nmoHaa y 500000 paziB. € croaiBaHHs, 10 MPOILIEC
3pOCTaHHs MPOAYKTUBHOCTI HE OyJle 3HAYHO CIOBUIBHATUCS Y MallOyTHROMY. 3apa3 MOBa
itne npo Exascale-o6uucnenns (Exascale Computing), ne Exaflop = 108 o6uncnens y
CEKYHJY.

Cdepu 3acTocyBaHHA napajiejbHAX 00YUCICHb !
a) Hayxka ta imxenepis:

IcTopuuno, mapanenbHi OOYMCICHHS PO3MIIAAIMCS SK 3aci0 I MOJCITIOBaHHS

CKJIQJIHUX SIBUII Ta PO3B’SI3YBaHHS PI3HOMAHITHUX TPOMI3IKUX 3a7a4 Y TAKUX TaTy35X:
® HayKd PO TMPUPOLY — MOJICTIOBAaHHS aTMOC(EpHUX SBHUII, MOCTIIKCHHS 3a-
OpYIHEHHsI OTOYYIOYOTO CePEOBUIIA, 3a/1a4ul Ie0JIorii Ta CEMCMOJIOTT;
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(i3uka, aCTpOHOMIs Ta 1HXKEHEPIst — PO3B’sA3yBaHHA 3a]a4 MPUKIATHOL Ta AAEPHOT
Gb13uKH, €NeKTPOTEeXHIKH, (DI3UKH €JIEMEHTApHUX YaCTMHOK, MaTepialo3HABCTBA,
HAHOTEXHOJIOT1M, MIKPOEJIEKTPOHIKH;

O1oJIOTis, XIMisl Ta MEIUIIMHA — JOCIIDKCHHS Y rajly3saX 010TeXHOJIOT1M, TeHETUKH,
€KOoJIOTi, momyJsiiHoi Oiosorii, BipycoJorii, ¢apmakoyorii Ta MOJEKYJISIPHOT
XIMIT;

MaTeMaTHKa Ta KOMIT FOTepHI HayKH.

Performance Development

10 EFlop/s
1 EFlop/s
100 PFlop/s
10 PFlop/s . it
1 PFlop/s *® ¢ Ada

100 TFlop/s o® o® — L

Performance

10 TFlop/s e? v .
1TFlopls $® Ak as .
100 GFlop/s | ="

10 GFlop/s -

1 GFlop/s L o

100 MFlop/s
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Lists

HSum WE# #5500

Puc. 1.7. 3pocTanHs NpoyKTHBHOCTI cymepkomin toTepiB (3a manumu 10p500.0rq).

0) Ingycrpis Ta Komepiis.

VY Ham yac 1HAYCTpiaJibHI Ta KOMEpIIHHI 3aCTOCYBaHHS € OCHOBHUM JpaiiBEpoM

pO3BUTKY 1HQOpMaIIHHUX TexHOojorid. [lapanensHi 0OYUCICHHS BUKOPUCTOBYIOTHCS MPHU
pO3B’sI3yBaHHI 33]1a4:

PO3BiTyBaHHS KOPUCHUX KOTIAJINH;

¢dbi1HaHCOBE Ta EKOHOMIUYHE MO/ICJIIOBAHHS,

06pooku Benukux bJI, Big Data, Data Mining;
Web-nomryk, web-topriss;

O06pobka MequYHUX 300pakeHb Ta J11arHO3yBaHHS;
O6po0Oka rpadiku, MyJbTUMEIA Ta BIpTyalbHa PEalbHICTh;
MepexeBa criBIparis;

BiticekoBa cripaBa, po3po0Oka 30poi.


http://top500.org/

2. MMAPAJIEJIBHI OBYUCJ/IIOBAJIBHI CUCTEMH
2.1. PiBHi po3napaie;ll0OBaHHA
[cHYIOTB Pi3HI MIAXOAM 0 BU3HAYEHHS THUIIIB Hapajienizmy [1, 2].
2.1.1. lMepumii miaxia xo kiacudikamii mnapanesizmy

Knacudikaiis mnapajleqbHOCTI 3a pPIBHAMH, 110 BIAPIZHAIOTHCA IMOKAa3HUKAMHU
a0CTPaKTHOCTI po3mapaliefitoBaHHs 3ajay, HaBeaeHa B TaOd. 1. Yum "rnulmie" piBeHb,
KU Mae O3HAKW MAapayebHOCTI, THM JCTAIBHIINM Oyae po3napaleliOBaHHA, IO
CTOCYEThCS €JIEMEHTIB IporpaMu (1HCTPYKIIiS, €IeMEHTH 1HCTPYKIli Toimio). Yum BuIle
PO3MIIIIEHO PIBEHBb a0CTpaKIlii, TUM OLIBIII OJIOKM Ma€ apaieibHICTb.

Tabmuns 2.1. PiBHi mapanenbHOCTI

PiBHi O06’exT 00pOOKH Ilpukaan cucreMu
[Iporpamuaui Po6ora/3anaua Mynstuzagauna OC
[Tpouenypuuit ITponec MIMD-cucrema

PiBens dhopmyn [HCTpYKITiS SIMD-cuctema
biT-piBeHb B Mexax 1HCTpyKIii Mammuna ¢pon Heiimana

KoxHuii piBeHb Ma€ pi3H1 aClleKTH NapayeabHol 00poOKu. MeToau 1 KOHCTPYKTHUBH
PIBHSI OOMEXYIOThCSl TUIBKA CAMUM PIBHEM 1 HE MOKYTh OyTH MOIIMPEH1 Ha 1HII PIBHI.
Haii0inpmmii  1HTEpeC CTAaHOBHUTH pIBEHb HpoLenyp (BEIMKOOJOKOBA, ACHHXPOHHA
MapajieNbHICTh) Ta piBEeHb apu(METHUYHUX BHpa3iB (MajoeIeMEHTHA, JieTajbHa a0o
MacuBHA CUHXPOHHA NapajIesIbHICTB).

IIporpamuuii piBeHb

Ha oMy HaiiBuIIoMy piBHIO OJJHOYACHO (200 TMPHHANMHI PO3MOIICHO 32 YacoM)
BUKOHYIOTHCSI KOMIUIEKTHI nporpamu (puc. 2.1). MammHa, 1m0 BUKOHYE I1i IPOTpaMu, He
nogunna oOymu napanearvioro EOM, nocuTh TOTO, IO B HIM HasBHA 0Oararo3ajiadHa
oreparliiiHa cuctema (HalpuKIaa, peajaizoBaHa K CUCTeMa po3noodilenozo wacy). B ik
CHUCTEM] KOXXHOMY KOPHCTYBa4eBl BIJIMOBIAHO J0 MOro MPIOPUTETY HIAHYEATbHUK
(scheduler) Buminse BiApi30K MPOLECOPHOTO Hacy pi3HOI TpuBanocti. KopucryBau
OJIEP)KY€E PECYPCH LEHTPAIBHOIO MPOLECOPHOTO OJIOKY TIIBKH BIPOJOBXK KOPOTKOIO
yacy, a IOTIM CTa€ B Yepry Ha 00CITyroByBaHHS.

VY Ttomy Bumnaaky, koau B EOM HemocTaTHsS KUIBKICTh MHPOLECOPIB AJIA BCIX
KOpUCTyBauiB (200 TMpoIleciB), 110, SIK MpPaBUIO, HAHUOLIBII IMOBIPHO, B CHCTEMI
MOJIETIIOEThCSL ~ TapajelibHe  OOCIyroByBaHHS  KOPUCTYBayiB  3a  JIOLIOMOI'OIO
"kBazimapanaeapbHUX'" TPOIECIB.

PiBenn npouenyp

Ha upomy piBHI pi3H1 YaCTUHH OJIHIET 1 Ti€l camoi nporpaMH MaIOTh BUKOHYBATHCS
napanenbHo. LI uyacTuHM HazuBaroThCcs "mporecamu" 1 TPUOIM3HO BiAMOBIIAIOTH
nocnigoBHUM mnpouenypam. Ilpu npoextyBanni II3 3amaui po3OuBaioTbcs Ha Maiixke
HE3aJIeXKHI OJHA BiJ IHIIUX YACTHHHM TaK, MO0 MO MOXJIMBOCTI PiJIIe BUKOHYBaTH
oneparii oOMiHY JaHUMHU MIX IpPOLIECaMH, SIKI MOTPEOYIOTh BIIHOCHO BEJIMKUX BUTPAT
yacy. Lleil piBeHb mapaneabHOCTI Hi B IKOMY pa3i He 0OMEXY€EThCS pO3MapaseItOBaHHIM
MOCJIIOBHUX MporpaMm. IcHye Benuka KITBKICTh 3a7ad, sIKI MOTPEOYIOTh MapayelbHUX



CTPYKTYp IIbOTO THITy HaBiThb TOMAl, KOJM TaK caMoO, SIK 1 Ha MPOTPaMHOMY pIBHi, y
KOPHUCTYBaya € TIIbKWA OJIMH MPOIIECOP.

OCHOBHE 3aCTOCYBaHHS TPOIEAYPHOTO piBHS — 3arajbHa MapajiebHa 0O0poOka
iH(opMmarlii, e 3aCTOCOBYEThCS MO BUPIIIYBaHO1 3a/1adl Ha MmapaliefibHI mif3aaadi, Kl
PO3B’SI3YIOThCSl HAa 0araTOMpPOLIECOPHIM CHCTEMI 3 METOIO MIJIBMINCHHS OOYMCIIIOBAIBLHOI
NpOAYKTUBHOCTI. BiamoBinuuit mpukiaa HaBeneHo Ha puc. 1.4.

Tacoei IHTEpEATH

e

EOM 3 pozmogimon Hacy
IIpiopuTeTH Ta AMTOPUTMH

Kopucryeaui PosTORUTY

Puc. 2.1. [lapanenpHICTh Ha TPOTPaMHOMY PiBHI

PiBenb popmya

Apudmernuni Bupazu (Hopmysin) BHKOHYIOTHCS MapajeibHO TMOKOMIIOHEHTHO,
MPUYOMY B 3HAYHO MPOCTINIMX CUHXPOHHUX MeToJNax. SKII0, HApUKIa, WACThCS PO
apuMeTHYHUI BUpa3 A0JaBaHHS 2 X 2-MaTpHIlb (IUB. pUC. 2.2), TO BiH CHHXPOHHO PO3-
MapayIeNtoeThCsl Ty>)K€ MPOCTO TOMY, IO KOXHOMY IPOILIECOPOBI BIAMNOBIAAE OJUMH
€JIEMEHT MaTpUIIi-Pe3yIbTaTy.

[Ipu 3acTocyBaHHi N? MPOIIECOPHHX €JIEMEHTIB MOYXKHA OJEPKATH CyMy JBOX
MaTpHIb MOPAAKY N? 3a yac, HeoOXiHMI 119 BUKOHAHHS OfHicl onepanii fqomaBaHHs (32
BUHSITKOM 4acy, MOTPIOHOTO Ha 3UMTYBaHHS Ta 3amuc AaHuXx). [[boMy piBHIO mpUTaMaHHI
3aco0u BEKTOpHU3allii Ta TaK 3BaHOI napanenvrHocmi oanux. OCTaHHE MOHSTTS MOB’sI3aHE 3
JETANBHICTIO PO3MAapaselOBaHHs, a caMe — 3 MOro MOLIMPEHHSM Ha JIaHl, ikl 00po0Jise
nporpamMHa cuctema. KilbKOM elieMeHTaM JaHMX MOXKE BIAMOBIAATH CBIM Mmporecop,
3aBJISKH YOMY Ti AaHi, 1m0 B MamwuHi ¢oH Helimana Oyiau macMBHUMH, TIEPETBOPIOIOTHCS
Ha «aKTUBHI O0YHCIIIOBAIBHI IPUCTPOI».

PiBeHb ABiKOBHUX pO3psaiB

Ha mpomy piBHI BiiOyBaeTbcs MapajelibHe BUKOHAHHS JABIMKOBHX OTMepailiil B
MeXax OJIHOTO MAIlIMHHOTO ciioBa. [lapanenbHicTh Ha PiBHI OITIB IPUCYTHA B OYIb-SIKOMY
Mikporpornecopi. Hampukmnan, y 64-po3psagHomy apu(pMETHKO-JIOTIYHOMY MPUCTPOI
mo0iToBa 00pOOKa BUKOHYETHCS MapaieIbHUMH alapaTHUMH 3aCO0aMH.

2.1.2. Apyruii niaxia no kiaacudikanii napanesnizmy

B [2] Bu3HaueHi HACTYIHI THIH Mapayei3My: napanenizm Ha pisHi 6imie, KOMAHO,
OaHux Ta 3a0ay.

[lapaneni3Mm Ha piBHI KOMaHJ 3aCHOBAHMM HAa BHUKOPHCTAHHI KOHGEEpi6 Ta
CYnepcKaniapHux npoyecopié s 30UTbLIEHHS MPOAYKTHMBHOCTI BHUKOHAHHS CKJIQJHHUX
oneparlii. KouBeepu, y SKUX KOMaHIU AUIITBCA Ha MIKPOKOMaHAU, SIKI MOXYTh
BHUKOHYBATHUCS OJHOYACHO, ONKCaH1 y 1. 2.2.2.
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1) (o) (20

Herpew AL T ez CPUT

1+1=2 2+1=3
' [
Fepvmoua
ECn
+ x
=5 4+0=4

Puc. 2.2. Po3napanentoBaHHs pH 10JaBaHHI MaTPHUIlh

[Ipu BUKOHAHHI OJHIET THCTPYKII CKaJSIpHUI Mpoiiecop 00pobiise onHe abo nBa
yucia (ckangpa). CynepckaisipHi IpoIecopy — MPOIECOPH, K1 111 BUKOHAHHS oTepariini
BUKOPUCTOBYIOTh HE OJIMH, a KUIbKa OJHOTHUIHUX KOHBEEPHHUX (YHKIIOHATBHUX
MPUCTPOIB 1 MOXKYTH 00pOOJISATH MacuB uKcen (BekTopHa 00poOka). CydyacHi mpoLecopH €
CyHEepCKAIPHUMHU Ta MICTATh crnemianizoBadni ALU- ta FPU-Gmoku s minouncinoBoi
apu(pMETUKH, OIepallii 3 IUTABAIOYOI0 KPAMKOIO, PO3TalyXeHb, 3aBaHTAKEHHS JTaHHUX
TOIIIO.

[Ipu po3B’s3yBaHHI MPaKTUYHUX 337a4 9acTO JOBOIUTHCS BUKOHYBATH OJHY 1 TY
camy OTepalliro Jyis IeBHOTO HAObOpy MaHuX. Y MbOMY BUIAAKYy MOKHAa BUKOPHUCTOBYBATH
CYIEpCKaJsIpHI  MPOLeCOpH, ale y cydacHux mporiecopiB € SIMD-xomanmu (Single
Instruction Many Data), siki MOXXyTh BUKOPHUCTOBYBATHCS JIJIsi MacuBiB gaHuX. OTHUMU 3
MEepIINX MAIUH, Y SKUX OYyJI0 peasi3oBaHO mapajieii3M JaHuX, OyJu BEKTOPHO-KOHBEEPHI
koMt totepu poauau CRAY. [Ipukian kogy Ha MoBi C a1t 00UMCIeHHS! TOKOMIIOHEHTHOT
CYMH JIBOX I[JIOUYMCIIOBUX MAacHBIB JOBKUHH 4 (IOMepeIHbO MOTPIOHO MiAKITFOUNTH
010ioTeKy smmintrin.h).

int x[4] {1, 2, 3, 4};

int y[4] {5,6,7,8};

int z[4];

*( ml28i*)z = m add epi32(*( ml28i*)x, *( ml28i*)y);

2.2.  Cnoco0u 00po0Kku JaHUX B 00YMCIIOBATBHUX CHCTEMAX
2.2.1. IMocainoBHa 00po0Ka 1aHUX

[Tpunyctumo, o MOTPIOHO 3HAWUTH CyMy C JIBOX BEKTOpPIB & Ta D, KOXHMIA 3 SKUX
Mae 100 miiiCHMX KOOPJWHAT, 3 BUKOPHUCTAHHSAM OOYHCIIIOBAIIBHOTO MPHUCTPOIO (200 KOM-
m’roTepa), SKUW BUKOHYE JOJAaBaHHS TMapy 4YWceNl 3a 5 TakTiB poboTH 1 y mporieci
00YHUCIICHh KOMIT'IOTEP HE MOKE BHUKOHYBAaTH HISKMX IHIMUX KOPUCHUX M. Y Takux
YMOBax CyMa BEKTOpPiB Moxke OyTH 3HaiaeHa 3a 500 TakTiB. Po3BUTOK mporiecy 00UuCIeHb
CXeMaTHUYHO HaBeJIEHO Ha puc. 2.3.
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Tenmep mpumyctumMo, IO € ABa Taka caMi MPUCTPOi, SKI MOXYTh MpaIlOBATH
OJTHOYACHO 1 HE3aJeKHO OJMH BiJ 1HIIOTO, 1 MPU LBOMY BIACYTHI JOJATKOBI BUTPATH
pECypCiB MO OTPUMAHHIO MPUCTPOSIMU BXITHUX JaHUX Ta 30€peKCHHAM pe3yibTaTiB. B
TaKOMY BMITaJIKy MOYKHA OTPHUMATH IIyKaHy CyMy BEKTOpiB Bike 3a 250 takTiB (puc. 2.4)
— T0OTO MaeMO TOBiHE PHUCKOPEHHSL.

VY Bunaaky BukopucTaHHsa 10 oHAKOBUX MPHUCTPOIB pe3yibTaT OTpUMYeEThCs 3a S50
TaKTiB, a y 3araJlkHOMY BUTIJKy cucteMa i3 N mprcTpoiB BUTPATUTh HA OOYHUCIICHHS CYMHU
npubau3Ho 500 / N TakTiB.

. d8y85858, —>
+ —» O-% Takr

whybabo b, —
Ld Y
. aga,a,a, —> :
ath. = 1-1 TaKr |
b b4b.,b_ — |
o & < |
|
|
. d8gdyd.ds, —> [
a.+th. p—» 2-iA TakT :
W hobybibsg —> :
|
o Elgd, 8,4, — :
a,+bh, P 31 Takr |
. b.b,b.b, — |
5 3tz |
|
|
. aga,a,a, —> |
a+h, > 4- TAKT |
bbb, b, —> |
o & £ |
|
|
a.a,a,a, —> |
atb, P 5- TakT :
obobbob, —> |
- T “__‘5 ______________________________ -,
- - - -/ /= “
a,a.a,a, —> |
a,+h, | C, G-I TakT :
b.b.b,b —> |
- |
|
|
. d8gdgd,d, —> |
asth, > C. 7 TakT I
.b.b._b,b, — !
543 '
|
|
|
|
|
a,a.a,a —> |
asth, > c. 10-1 Takt |
b.b.b,b —> I
\____‘ _________________________________ "y
. a,a,a,a, —» |
a.+h, c,c, 11-i TaKT :
bbb b, —> |
v |
|
|
|

Puc. 2.3. JlonaBaHHs1 BEKTOPIB Ha MOCIIOBHOMY MPUCTPOI 3 S-TaKTOBOIO OIEpalli€ro
JI0/TaBaHHS
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. a,a,a,a, —]
+ + — 0-1 Taxr

. b,b,b,b, —>]
- - """ - T - - Y
.aga.a,a, —>] I
a+h a+h —» 1-1 TaKT :
. bob.b,b, —>] |
g - |
|
I
. agaga,a, —>] |
a,+h, atb, > 2-IA TaKT :
. bgb.b,b, —] |
I
I
. agaca,a, —> :
a,th, a+h 3-1 TaKT |
b b b, b, —> I
ETE 473 |
I
I
. 8gdga,a, —> I
a,jth, a.+h, > 4-i7 TaKT :
. bob.b,b, —>] |
I
I
a.a.a,a —> :
a+h a+h, S5-I TaKT |
obgb by b —] :
. - -
¢ \
... aga;azag —] I
azth, a.th, > c,cC 6-i TakT |
. bhgh b b, —> I
|
|
|
. aga,aza, —>] |
a,th, a.th, —» C, C, 7-1 TaKT I
- - |
. bgb b, b, —> |
|
|
|
|
. aga,aza, —] :
a,th, a.th, —» C, C, 10-A Takr I
- - |
. b b, b b, —> )
¢ I
a,a,a,a, —» '
a th, a.th, > €,C,C,C, 11-4 Takr |
b bbb, — I
T |
|
|
|

Puc. 2.4. TlapanensHe 10/1aBaHHS BEKTOPIB Ha IBOX OJTHAKOBHUX MPUCTPOSX

2.2.2. KonBeepHa 00poOKa 1aHUX

Po3rasiHeMo nuisixv mMoKpamieHHs: epeKTUBHOCTI POOOTH CHUCTEMHU 13 MONEPEIHBOrO
naparpady. s nporo MoxHa BUKOpUCTaTH (OpMY 3amucy IIMCHUX YHUCEN B MaMm’siTi
KoMIr'totepa. JlogaBaHHsA 4ucel TOB’SI3aHE BHKOHAHHSAM TaKMX MIKpoOOIepamii sk
MOPIBHSHHSA Ta BHUPIBHIOBAHHS MOPAJNKIB, JAOJABAHHS MAaHTHC, HOpMasi3ailis Ta T. I.
CyTTeBUM € Te, 1m0 y npoiieci 00poOKK KOKHA MIKpOONEpallis 3aAisiHa TUIbKU OAUH pa3 1
3aBXKIM Yy TiM caMmiil MOCTIOBHOCTI ojHa 3a iHmow. Ile o3Hauae, 1m0 SKIO mepiia
MIKpOOTIEpaIlisi BUKOHAJa CBOIO poOOTYy 1 mepenana pe3yibTaT IPYTid, TO JUisi 00poOKu
MMOTOYHOI Mapy MIMCHUX YKMCENl BOHA OlIbIlIe HE 3HATOOUTHCS, 1 OTXKE, IIJIKOM MOXKe OyTH
BUKOPUCTAHHSA Il OOPOOKH HACTYITHOT Mapu apryMEHTIB.

Buxoasun 13 momepenHix MipKyBaHb, MOKHA CKOHCTPYIOBATH MPHUCTPIA HACTYITHUM
yuHOM. K0KHY MiKpoorepallifo BUIIUMO y OKPEMY YaCTUHY MPUCTPOIO 1 PO3TAIIYEMO iX
y opsiiKky BukoHaHHs. [liciiss BUKOHAHHS MepIoi MiKpoorepaillii rmepiia 4acTHHa Tepeae
CBIl pe3yabTaT ApYrid 4acTUHI, a caMa OTpUMYE g 00poOku HOBY mapy. Konu BxigH1
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apryMEHTH TPOUIYTh dYepe3 ycl eramu OOpOOKH, HAa BHXOMAI TMPUCTPOIO 3’ SIBUTHCS
pe3ynbTaT BUKOHAHHS OTeparlii.

Takuit croci0 opranizaiiii oO4YUCIEHb Ma€ Ha3BY KoHBecpHoi 00pobku. KoxHa
YacTHHA TMPUCTPOI0 HA3UBAETHCA CMAOdi€l0 KOHBecpa, a 3aralibHa KUIbKICTh CTaaiil —
00BIICUHOIO KOHBEEPQ.

CyuacHi npoliecopu MaroTh OararoetanHi KoHBeepu koMmanl. Koxken eram (cTamis)
KOHBEEpa BIAMOBIAAE 1HIINA i, IO BUKOHyE mpolecop. KiacMuyHUM NpUKIagoM
nporecopa 3 KoHBeepoM € mpouecop apxitekrypu RISC (Reduced Instruction Set
Computing), 1m0 Mae n'ITh €TaIliB: 3aBaHTAKEHHS 1HCTPYKIl, TEKOAYBaHHS IHCTPYKIIIi,
BHUKOHAHHS, JIOCTYII JIO MaM'sTi, Ta 3amuc pe3ynbraty. Tak, mporecop Intel 80386 mas 5-
cTaaiitHui KoHBeep (muB. puc. 2.5), Pentium 4 — xouBeep 3 35 cramiit.

IF 1D | EX MEM

b [LF | o | ex RUSH ws
» | F D MEM WB
| F BEN] EX MEM wB
| ID EX MEM WB

Puc. 2.5. CranpapTauil 1’ aTUKpOKOBHUI KOHBeep B MaminHi RISC.

IF (Instruction Fetch), ID (Instruction Decode), EX (Execute), MEM (Memory
access), WB (Register write back)

[Ipunyctumo, 110 /1711 BUKOHAHHS OTepallli 1o1aBaHHs JIMCHUX YHUCE CIIPOEKTOBAHO
KOHBEEPHUN TPUCTPIM, SKUN CKIATAETHCS 13 I'ATH CTaJld, K1 CIPalbOBYIOTh 32 OJIUH
TakT. Yac BHKOHaHHS ormepaiii Ha KOHBEEPHOMY TMPHUCTPOi PIBHUNA CyMmi 4YaciB
CIIpaIlbOBYBaHHS yCiX cTajii koHBeepa. Lle o3Havae, 1m0 ojHa omeparlis J01aBaHHS JBOX
YyHuCeNl TPUBAE I’SITh TAKTIB, TOOTO TaK CaMmoO JOBrO, SIK 1 Ha MOCIIAOBHOMY HPHUCTPOI y
MONEPETHbOMY MPUKIIA/II.

Tenep po3rasHEMO TMpoIiec A0aBaHHS ABOX BEKTOPiB (puc. 2.6). Ak i panime, yepes
II’SITh TAKTIB OTPUMAHO CyMY €JIEMEHTIB nepiioi napu. [IpoTe ciia 3a3HauyuTH, M0 NOPSII
13 IIEPILIOI0 MapOI0 MPOMIUIM YaCTKOBY OOpOOKY (Ha pi3HIN KIJIBKOCTI CTaJ1i) 1 1HII apu
apryMeHTiB. KoxHUN HacTymHUM TakT Ha BHUXOJ[I KOHBEEPHOTO TMIPUCTPOIO OyIe
3 ABJIATHCS CyMa 4YeproBOi Mapu KOOpAWHAT BekTopa ¢. Ha BukoHaHHs yciei omepairii
3HanoouThest 104 Taktu, 3amicth 500 TakTiB IPU BUKOPUCTAHHI MOCIIIOBHUX MPUCTPOIB
— BUTpaIl y yaci mpuOJIU3HO y I’ STh pa3iB.

SIKIo KOHBeepHU# mMpHUCTpiit € |-cramifinuM 1 00poOka JaHWX Ha KOXKHIH cTamil
TPUBA€ OJUH TaKT, TO /I BHUKOHAHHS N IOCTIOBHUX OMEpaIiii Ha IbOMY MPUCTPOI
notpioHo Butpatuth |+N—1 TakTiB. SIKIIO K I TPHUCTPi BHUKOPHUCTOBYBATH Y
MOCTIIOBHOMY PEXHMI, TO KIIBKICTh TakTiB Oyae piBHa |-n. Omxke, mas BeTukux N
oTpuMyeMO "TIpUCKOpeHHs" Maibke y | pasiB 3a paxyHOK BUKOPUCTAHHS KOHBEEPHOI
00pOOKHU JTaHUX.

[Ipu BUKOpHCTaHHI BEKTOPHUX KOMaHA Y (pOopMylil AJisi TPUBAJIOCTI OOpOOKU JaHUX
Ha KOHBEEPHOMY MPHUCTPOi JOJAETHCA II€ OAWH JAOJAHOK ¢ — 1€ vac (y Takrax),
HEOOXIAHUN Ui iHImiami3alii BEeKTOpPHOI KomaHau. ToMy 3arajbHUM Yac piBHUU
o+l+n-1.
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.. a,a,a.a, —>]
— 0-1 TaKT

bbb b, —>

. dga,a,a, —>
a.hb, — 1-W TaKT

bbb b, —>

. Agaga,a, —>]
a,h, ab. — 2-1 TaKT

. bgb b, b, —>

. a,a.a.a, —
a.b, ah, a.h. —> 3-1 TaKkT

bbb b, —>

. 8ga;a.a, —>
a,h, a.b, a,h, ab, —> 4-1 TaKT

b b b b, —

. 8gaga,a; —>
a.b. a4b4 a.b. azbz ab., > 5-1 TaKT

bbb b, —>

= o o

.a,a,a;a,  —»
aghy | ashs | ash, | abs | ab, > c, 6-1 TaxT

bbb b, —

d, 8,88, —»
ab, | anb, | ab, | ab, | a:b, > c,c, 7- TaKT

b. b b b, —»

8,8y, 8,85 —H
ah, | ab, | agb, | abs | a,b, P> c.c,c, 8- TaKT

bbb, b,b, —»

Puc. 2.6. 3HaxopkeHHs cyMu C = @ + D 32 J0IMOMOroro 5-CTaiiiHOro KOHBEEPHOTO
HPUCTPOIO

OckinbKy Hi o, Hi | He 3aiexarp Bif 3Ha4YeHHS N, TO i3 30LIBIICHHAM JIOBXUHA
BXIJTHUX BEKTOPIB epexmusHicms KOHBeEpHOI 00pobKu Oanux 3pocmae. SIKIMO Mif
e(eKTUBHICTIO OOpOOKH PO3YyMITH peabHy MPOAYKTUBHICTH KOHBEEPHOTO MPHUCTPOIO,
pPIBHY BIJHOILIEHHIO YHMCJIa BUKOHAHMX OIepauid N g0 4Yacy iX BHKOHAHHS t(n), TO

3QJICKHICTh MPOAYKTUBHOCTI BIJl JOBXWHU BXIJIHUX BEKTOPIB BHU3HAYAETHLCA HACTYITHUM
CITIBBIIHOIIICHHSIM:

n n .
") oo D) @l D i)

Jie T — 11€ TPUBAIICTh TAaKTy pOOOTH KOMIIT 10TEpa.
Ha puc. 2.7 naBeneHo mpubInu3HUN BUTIIAL Tpadika i€l 3aIeKHOCTI.
[3 3pocTaHHAM AOBXHWHM BXIAHUX JaHUX peajbHa MPOIYKTUBHICTH KOHBEEPHOTO

) . : . .1 ,
MIPUCTPOIO BCE OLIbIIIEe HAOIMKAETHCS 10 MOTO MKOBOT MPOAYKTUBHOCTI —. OJHAK nikosa
T

NPOOYKMUBHICIb HIKOJU HEOOCANCHA HA NPAKMUYI.
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E=1m

v

Puc. 2.7. 3anexHiCTh MPOTYKTUBHOCTI KOHBEEPHOTO MPHUCTPOIO BiA JOBXKHUHU BX1THOTO
Ha0Opy JaHUX

PosrnsHemMo OulbIll peanicCTUYHY MOJIeNb KOHBEEPHOTO MPUCTPOIO, sKa mepeadavae
pi3Hy TpuBamicTh cramiid. Hexail t,t,,...,t, — TpUBaIOCTI BIANOBIAHUX CTaJlil KOHBEEPA.
Tomi nepma omepauis oOpoOku Oyne TpuBatu t +...+1, TakTiB, a KO)KHa HACTyIHa

omepanis Oyne 3aBepllyBaTUCA 4epe3 t .~ TaKTIB IICIA IonepenHsoi, xe t . :@2( t.

Tomy 3arampHa KUIBKICTH TaKTiB, HEOOXITHUX JJiI BUKOHAHHS N ormeparliid, piBHA
t,+...t +(n-1)t,, +o. Tomy npuckoperHs R(N) npu BUKOHaHHI N omepawuiil, ske
JOCSTAaeThCd 32 PAXyHOK BHUKOPUCTAHHA KOHBEEPHOIO Croco0y oOpoOKM JaHUX,
BU3HAYAETHCS BEIIMIHMHOIO
n(t+...t)
t+..4+(n-t, +o

R(n)

3 ocTaHHKOiI (POPMYJIM MOMKHA 3POOMTH BHCHOBOK, IO TI'PAHMYHE IIPUCKOPEHHS
R =1limR(n) BusHauaeThcs 3a hopmyI10r0

R:H+”L.
t

max
3aieXHICTh TPOAYKTUBHOCTI BiJI JOBKHHU BXIJHUX BEKTOPIB BU3HAYAEThCS
HACTYITHUM CITiBBITHOIIICHHSIM:

E(n):(

n
t+. 4 +(n-t  +o)r

Tomy mikoBa MPOAYKTUBHICTh PiBHA

max ~

2.3. XapakTepucTHKH cucTeM (PYHKUIOHAJIbHUX MPUCTPOIB

bynb-ka oOuMciioBambHA CHCTEMa SIBISIE COOOI0 CYKYMHICTh JEAKHX (YHKIO-
HaabHUX TpucTpoiB (PII). [ns omiHKM sKOCTI 11 poOOTH BBOASATHCA PI3HI Xapak-
TEPUCTHKH.

Hexait 3amana cucrema BIUTIKY 9acy 1 3ajaHa Jeska OJWHHIIS 4acy, HAIPHUKIa,
cekyHsa. bynemMo BBaxaTH, 110 BCi CpallbOBYBaHHsI OJHO 1 Toro camoro ®II cucremu
MarOTh OJTHAKOBY TPHBATICTh.
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Hazsemo @Il npocmum, k1o Hisika HACTYIHA OMEpallisi HE MOXXE BUKOHYBATHUCS Ha
HBOMY JIO TUX TP, IOKA HE BUKOHAETKLCS moniepents. OCHOBHA BIaCTUBICTH mpocToro I
— BIH MOHOIIOJIbHE BUKOPHUCTOBYE CBO€ OOJIalHAHHA JIJIi BUKOHAHHS KOXKHOI OKpEMOi
orepartii.

Ha Bigminy Bing mpoctoro, xkoxgecpuuui PII posnonisise cBoe oOiagHaHHS IS OJl-
HOYACHOTO BHUKOHAHHS KiJIbKOX omepariii. Jly’ke yacto (ajsie HeoOOB’SI3KOBO) KOHBEEPHI
OI1 KOHCTPYIOIOTHCS SK JIHINHI JaHIIOKKU npocTux DI (ctaxiit). ITpoctuit OIT moxHa
3aBx a1 BBaxkaTH kKoHBeepHUM DII 3 10BKHMHOIO KOHBEEPA, PIBHOIO 1.

Haszsemo eapmicmio onepayii dac ii peanizaiii, a eapmicmio pobomu — CyMapHY
BapTICTh YCIX BUKOHAHUX ONEpariil. 3agawmasicenicmioo TPUCTPOIO P HA AAHOMY TMPO-
MDKKY 4Yacy OyJeMO Ha3MBaTH BIJHOIICHHS BapTOCTI pEalbHO BUKOHAHOI pOOOTH 110
MaKCUMaJIbHO MOKJIMBOI BapToCcTi. HacTymHI ABa TBEPIKEHHIO MICTATH OMHC OCHOBHHUX
BiactuBocter PII ta cucrem OII.

Teepuxenns 1. Makcumanvnua eapmicme, Ky moouce sukonamu DII 3a wac T, pisna
T ons npocmoeo @Il ma nT onsa konseeprnoco @II dosacunu N.

bynemo HazuBatu peanvHow NpOOYKMUGHICMIO CUCTEMH TMPHUCTPOIB KIIBKICTh
omepariif, fKi peaJbHO BUKOHYIOTBCS Y CEpeAHbOMY 3a OJUHUINO 4Yacy. [likoeoro
nPOOYKMUGHiCMi0 Ha3UBAIOTh MAKCUMAJIbHY KUIBKICTh ONEparliil, ki Morja Ou BUKOHATU
CUCTEMA 3a OJIMHMINIO Yacy Yy BUIAQJIKy BiICYTHOCTI 3B’si3KiB MiX ii ®II. 3 Bu3HaueHHs
BUIUIMBAE, IO pealbHa (nikoéa) NpOOYKMUBHICMb CUCMEMU PIBHA CYMI pDeanbHUx
(nikosux) npooykmusnocmeti @I1, siKi BXOAATH 110 11 CKIIATYy.

TBepmxkenns 2. fkwo cucmema ckiadaemvcs i3 S HPUCMPOIB, SKI Maomb HIKOSI

NPOOYKMUBHOCMI  TT;,..., T, [ Npayloioms I3 346aHMAdCEHICMIO Py,..., P, MO peanbHa

nPOOYKMUSHICMb cucmemu ¥ 00UUCTIOEMbCS 30 POPMYIOH0
S
r=> pr,. 1)
i=1

Posrnsaemo Temnep, sSIKKM YMHOM BU3HAYAETHCS 3aBAHTAXKEHICTh CUCTEMH MPHUCTPOIB.
SIKI0 MpHUCTPOi MAXOTh MIKOB1 NPOLYKTUBHOCTI 77,,...,77; 1 IPAIIOIOTh 13 3aBAHTAKCHICTIO

pl""’ ps’ TO 6y,HeMO BBaXaTH 3a O3HA4YCHHIM, IIIO 3A8AHMANCEHICMb CUCMEMU €
BCJIMYHMHA

p:iai Pi (2)

Jc

a = (i=1...,5).
2.7
j=1

3aBaHTAXEHICTh CUCTEMU € 3BaKEHOIO CYMOIO 3aBaHTa)KEHOCTI OKPEeMUX HPHCTPOIB, TaK
K 13 BU3HAU€HHA KOe(illi€HTIB ¢, BUILIMBAE, 1110

Zs:ai =1 ¢, 20,(i=1...,5) (3)

i=1
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ToMy ass 3aBaHTaXXEHOCT1 CUCTEMH p BUKOHYIOThbCA HepiBHOCTI 0< p <1. Kpim Toro, 3

(2) Ta (3) BuIUIMBaE, MO0 3aBAHTAKEHICTh CHCTEMHU piBHA 1 TOAI 1 TUIBKH TOJI, KOJH
3aBaHTAXKEHOCT1 OKPEMUX MPUCTPOIB CUCTEMH PiBHI 1.

Takoxx ciij 3a3HAYUTH, 110 BU3HAYECHHS 3aBAHTaKEHOCTI CHCTEMHU 3TiIHO 70 (2)
Y3TOJUKYEThCS 13 (opMyIiolo peanbHoi mpoaykTuBHOCTI (1). JlilficHO, OCKIIBKU nikosa
NPOOYKMUBHICMb T Cucmemu npucmpoisé piBHa 7, +...+ 7, To 3rimHo 1o (1) Ta (2)
CIIPaBIKYETHCS PIBHICTh

r=pr. 4)

Benuka kinpkicte ®@I1, Tak camo sik 1 koHBeepHi DII, BUKOPUCTOBYIOTHCS TOJ1, KOJIH
BUHUKAa€ ToTpeda po3B’s3aT 3ajgady mBuame. s Toro, mod 3po3yMiTH, HACKIIBKU
HIBU/IIE 1€ BAAETHCA 3pOOUTH, TOTPIOHO YBECTH Y PO3IIIA MOHATTA "mipuckopeHHs". Sk 1
y BHIIQJKy 3aBAaHTOKEHOCTI 1€ MOXHa 3poOUTH TO-pizHOMY. PosriasHemo onuH i3
Croco0iB BU3HAYCHHS TPUCKOPEHHSI.

Hexait anroputm peainizyerbes 3a yac 7 Ha 00YMCITIOBANIbHIN CUCTEMI 13 S IPUCTPOIB,
IIPOCTUX 200 KOHBEEPHHX, SIKI MAIOTh IIKOB1 IPOAYKTUBHOCTI 77;,..., 7. lIpuirycTumo, 1mo
m<rn,<..<rx, 1 HeXal Ipu peali3alll aJropuTMy CHCTEMa JOCATa€ pPeaabHOI
MPOJIYKTUBHOCTI I, sika oOuucimoeTrbest 3a (opmynoto (1). Bymemo mnopiBHIOBaTH
MIBUJKICTH POOOTH CHUCTEMH 13 MIBUAKICTIO pPOOOTH TIMOTETHUYHOTO MPOCTOTO
YHIBEPCAJIBHOTO IIPHCTPOIO, SIKUH Ma€ IIKOBY NPOAYKTHBHICTb 7, (TaKky camy, sIK Hai-
IBUIINN MPUCTPIM CUCTEMHU) Ta 3JaTHUM BUKOHYBAaTH T1 cami omeparii, mo il yci @II
CUCTEMH.

Taxum unHOM, OyZneMO Ha3MBaTH BIJHOWIEHHS R =r/7z, npuckopeHHAM peamizamii

ANrOpPUTMY Ha JaHii 00UUCITIOBAIBHINA CUCTEMI a00 MPOCTO npuckopeHuam. ToOTo,

Z Pi7;
R=1Z
max 7.

I<i<s

()

Anani3z popmynu (5) mokasye, 10 MPUCKOPEHHS OOUYUCIIOBAIBLHOI CHUCTEMH, SKa
CKJIQJAETHCS 13 S MPUCTPOIB, HE MOYKE MEPEBUILYBATH S 1 MOXKE JOCITATH S TOJ1 1 TUIbKU
TOJ, KOJU yCl MPUCTPOi CUCTEMU MAIOTh OJHAKOBI IMIKOBI MPOAYKTHUBHOCTI 1 € IILIKOM
3aBaHTAKECHUMU.

TBepmxkenus 3. fxkwo cucmema ckiadoaemuvcs i3 S NPUCMPOIB, KL MAOMb 0OHAKOBI
niko6i npooykmuserocmi (NpoCmux uu KOH8EEPHUX), MO

®  306AHMANCEHICMb cucmemu Ppi6Ha cepeonbomy apugmemuurnomy
3a6AHMAINCEHOCMI YCIX NPUCMPOIB;

® peanbHa NPOOYKMUBHICMb CUCEMU PIBHA CYMI pealbHOi NPOOYKMUBHOCMI VCIX
npucmpois;

® niK08a NPOOYKMUBHICMb cucmemu y S pazié Oiibuia 3a npooyKMuBHiCms 00HO20
NPUCMporo;

® NPUCKOPEHHA CUCmeMU PiBHe CYMI 3a8aHMAINCEHOCMI YCIX NPUCMPOIS.

OnHUM 13 OCHOBHUX MUTAHb TEOPii OOUUCITIOBAIbBHUX CUCTEM € MTUTAHHS JOCSTHEHHS
BUCOKOTO piBHS edexTtuBHOCTI. I3 (4) BuUIIMBaE, MO I IOTO MOTPIOHO JOCATTH
BHCOKOTO PIBHS 3aBaHTaKEHOCTI cucTeMH. L[poro y cBOIO 4epry MokHa JIOCATTH IUIIXOM
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MiJBUIICHHA 3aBaHTAXXEHOCTI OKpeMHUX MpUCTpoiB. [IpoTe 3anmuimaeTbcsi BiAKPUTUM
NUTaHH], SK MOXHa I 3poOuTH. Skmo mpuctpii He 3aBaHTaxkeHuMm Ha 100% TO
3aBaHTAXEHICTh MOKHA 3aBXKIU MiJBUIIATH TIIBKM Yy TOMY BHUNAJKY, AKIIO BiH He
OB’ sI3aHUH 13 IHITUMHU IPUCTPOSIMU. B iHIIOMY BUTIA/IKY CHTYaIlisl HE € OUEBUAHOIO.

be3 obMexeHHs 3araqpHOCTI Oy/eMO BBa)KaTH, L0 YCI IPUCTPOI € IPOCTUMHU, TOMY
10 JOBUIHHHUI KOHBEEPHUN MPHUCTPIM MOXHA 300pasuTH y BUIJIAJI JIAHIIOKKA MPOCTUX
npucTpoiB. IlpunycTumo, mo MiX MPUCTPOSMH BCTAHOBJICHO HANpPAaBICHUN 3B’SI3KH, SIKi
HEe 3MIHIOIOThCS Yy Tpolieci pyHKuionyBaHHs. [1o0ynyeMo opieHTOBaHUMU rpad (MOXKIMBO
13 KpaTHUMHU JTyTaMH), BEPIIMHH SKOTO B3a€EMHO OHO3HAYHO BiJIOBIJAIOTh MPUCTPOSIM, a
AYTH — 3B’S3KaM MK HUMU. 3 BEpIIUHU A TPOBEAEMO AYTY Y BEpIIMHY B TOIl 1 TUIbKU
TOM1, KOJH Pe3yJbTaT poOOTH MPHUCTPOIO, IKOMY BIAIMOBi/a€ BepimuHa A, MEPEaacThCs y
AKOCTI BXIJIHOTO apryMEHTy MpPHUCTPOIO, SKOMY CTaBHUTHCS y BIAMOBITHICTH BepiInHa B.
Hassemo orpumanuii rpad epaghom cucmemu.

TBepaxenns 4. Axkwo cucmema ckiadaemuvcs i3 S nPOCMUX NRPUCMPOIB, AKI MAlomy
niKo8i NPOOYKMUGHOCMI T,,...,Tt,, i epag cucmemu € cradko 36 aznum (6i0nogioHul tiomy
Heopienmoeanuil 2pag) € 36 ’A3HUM), MO MAKCUMATbHA NPOOYKMUeHicms cucmemu ¥, .
BUPAAHCAEMBCS HOPMYTNOTO
I =S-minrz,.

m I<i<s
JloBeneHHs HaBeneHo B [1].

Hacuaigok 1. B ymoBax tBepkeHHs 4:

®  QCUMNMOMUYHO YCI NPUCIPOT BUKOHYIOMb 00OHAKOBY KIIbKICMb Onepayill;

®  3A8AHMAMNCEHICMb  KOJCHO20 NPUCMPOIO HE Nepesuye  3a8aAHMANCEHICHb
HAUMeHW NPOOYKMUBHO20 NPUCPOIO;

® KWO AKUL-HeOYOb NpUCmpiil 3a8aAHMANICEHO NOGHICMIO, MO Yell NPUcmpii Mae
HAUMEHULY NPOOYKMUBHICIb )Y CUCMEMI,

®  3a8aHMAdCEHICMb CUCTEeMU He OLIbUA 3a YUCTO

S-minr,

I<i<s

pmax - s ’

2"

® NPUCKOPEHHS cucmemu He nepesuilye

s-minr,
R — 1<i<s

max
1<i<s
Hacainok 2 (mepumii 3akon Ampaana). [lpodykmuenicms 004UCTIO8ANbHOI CUC-
memu, SIKa CKIA0AEMbCs i3 NO8 A3aHUX MIJC COOOI0 NpUCMpOis, V 3a2albHOM) GUNAOKY
BU3HAYAEMBCSL HAUMEHUL NPOOYKMUSHUM NPUCTIPOEM.

Kaxyun, mo cucrema mpamoe 3 MaKCUMaJbHOI MOXJIMBOIO peajgbHOIO
NPOAYKTUBHICTIO, MA€EMO Ha yBasl Te, IO y CHUCTEMI 3a0e3MeUyeThCsl TaKUM PO3KIIAJ
KOMaH/I, ikuii MiHIMI3ye nipocTiii PIT cucremu.
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Hacainoxk 3. Hexaii cucmema ymeopena npocmumu APUCMPOSIMU I MAE 38 SA3HULL
epag. Tooi acumnmomuuna nPoOYKMuUGHicms cucmemu 6yoe MaKCUMANbHOI, AKWO YVCi
npuUCmpoi Maroms 0OHAKOBI NIKOBI NPOOYKMUBHOCHII.

MaxkcruMaiapHa TMPOAYKTHBHICTH CHCTEMH MOXE JOCSTATUCS MPHU PI3HUX pPexUMax
pobOoTu. 30kpemMa, BOHA JOCSTAETHCS MPU CUHXPOHHOMY PEXHMI 13 TaKTOM, OOEpPHEHO
IPOMOPLIMHUM MPOAYKTUBHOCTI HaimoBuIbHIIIOro ®IT cucremu. I3 Hacmigky 3 MoxHa
3poOUTH BUCHOBOK, IIO TMPOAYKTUBHICTh CHUCTEMH IMOKPAIIYEThCS, SKIIO YCi TPUCTPOI
CUCTEMH MalOTh OJIHAKOBY MPOAYKTUBHICTb.

[TpumycTiMo, O yCi MPHUCTPOi CUCTEMH € TPOCTHUMH, YHIBEpCcaabHUMHU (TOOTO Ha
HUX MOXKHAa BUKOHYBATH PI3HOMAaHITHI OMepailii) Ta MarOTh OJHAKOBY MPOTYKTHUBHICTD.
Hexait y cucreMi peamizyeThCsl NEIKUN aqTOPUTM, a cama peajlizarlisi BIAMOBIIA€E MESKin
roro mapanenpHi ¢opmi. [Ipunmyctumo, mo BucoTa mapaienbHOi (GopMH (KITBKICTH
ApyciB) piBHA M, mHMprHa (MakCUMalbHa KUIBKICTh BEPIIMH HA OJHOMY spyci) — (, a
BCHOTO y aIrOpUTMi BUKOHY€ETbCs N onepartiid.

TBepmkeHHss 5. /[{na cucmemu, sAKa 3a00807bHAE HABEOEHI Guuje YMOSBU,
MakcumanvHe npuckopenns piene N /m.,

Hacainoxk 1. Minivanena xinexicms npucmpois cucmemu, npu sKiti mMoodce Oymu
00CACHYMO MAKCUMAILHO MOXNCTIUBE NPUCKOPEHHSL, PIBHE WUPUHT aneoOpUmmy.

[Ipunyctumo, 1o y anroputMi N onepaiiiii i3 N BUKOHYIOThCS TOCT110BHO. [IpudnHu
Or0 MOXYTh OyTH pizHuMu. Hampuknazn, oneparlii MoXyTh OyTH TOB’si3aHi
MOCJIIIOBHUMH 1H(MOpPMAIIHHUMU 3B’ SI3KaMH. TakKoX IIUJIKOM MOXIIMBHM € T€, L0 TpH
peanizalii alropuTMy MpPOCTO HE PO3Mi3HAIM Tapajeni3M, HasBHUM Yy BIAMOBIAHINA HOTO
vactuHi. Binnomenns f=n/N Ha3BeMo wacmkow nocuioosHux obuuciens.

Hacainoxk 2 (apyruii 3axkon Ampaana). Hexati cucmema cknadaemscs i3 S 00HAKOBUX
npocmux yHieepcanvHux npucmpois. ToOoi maxcumanvue ModicIUge NPUCKOPEHHS CUCTIEMU
plene

S
R=——m——.
Bs+(1-p)

Hacainok 3 (Tperiii 3akon Amaana). Hexaii cucmema ckradaemscs i3 S 00HAKOBUX
npocmux yHigepcaivHux npucmpois. Ilpu 6yov-saxomy pescumi pobomu ii NpUCKOPEHHsL He
Modce Oymu OinbuumM 3a 06epHeHy 8eIUdUH) 00 YaACMKU NOCAI008HUX 0OUUCTEHD.

Sxo cuctema CKIaJaeThesl 3 OJHAKOBUX MPOCTUX YHIBEPCATBHUX MPUCTPOIB, TO i
MIPUCKOPEHHS MOKHA 0OYHCIIUTH 3a (HOPMYJIOIO

T
R=-1,
TS
ne T, — dac, 3a SKMI MOXKHA peayli3yBaTH aJrOPUTM HAa OJHOMY IIPHCTpoi, T, — 4ac

peainizailii aaroputMy Ha cucteMi 3 S ogHakoBux DII. Jlerko mokasaru, 10 y BHUMAJIKY
CUCTEMHU OJIHAKOBUX MPOCTUX YHIBEPCATBLHUX MPUCTPOIB OCTaHHS (OpMysia piBHOCHIbHA

dbopmyi (5).

Jliist cuctemu, sika CKIAAa€eThCs 13 S OJHAKOBUX MPOCTUX MPUCTPOIB BETHMUUHA
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HA3UBAEThCS eexmusnicmio cucmemu. JIETKO MEPEeKOHATHCS, IO ISl PO3TIISAYBaHUX
cucteM €(GEeKTUBHICTh CITIIBIIAJA€ 13 3aBaHTAXKEHICTIO p. MakcuMmanbHl 3HA4YCHHS
IPUCKOpPEHHs Ta epekTuBHOCTI — BianosigHo R . =s 1a E_ =1.

2.4. Kaacudikauis napanejbHUX 004NCII0OBAIBLHUX CHCTEM

3 momepelHbOro MaTepialy 3po3yMiio, IO ICHye OaraTo pi3HMX CHOCOO0IB
oprasizailii napajeJbHUX 00UYMCITIOBAILHUX cucTeM. Cepell HAHOUIbII PO3MOBCIOKEHOT
apXiTEKTypd MOXHa BKa3aTH BEKTOPHO-KOHBEEPHI, MAaCHBHO-TIApajie/IbHI Ta MaTpUYHI
CHUCTEMH, CIICHIPOIIECOPH, KIACTEPH, KOMIT FOTepU i3 0araTormoTOKOBOIO apXiTEKTYPOIO
TOIIIO.

VY 3B’S3Ky 3 PI3HOIUIAHOBICTIO PO3POOJICHHX CHCTEM BUHHUKIA MOTpeda Kiacudi-
KyBaTH MapajeiibHi CUCTEMH.

24.1. Knacudikauis ®ainna

s xmacudikamis apxiTektyp Oyna 3ampornoHoBaHa B 1966 p. M. @niHHOM i
BBA)KAETHCSI MEPLIOKD 1 HAWOUIBII PO3MOBCIOKEHOIO Kiacudikaiiero. Kracudikamis
@i1iHHA 3aCHOBaHA Ha MOHATTI MOTOKY, M IKUM MA€EThCS HA yBa3l MOCIIJOBHICTh KOMAH/I
a00 JaHuX, SKi OompaipboBye mpoiiecop. Ha OCHOBI KUJIBKOCTI MOTOKIB KOMaHJ Ta JaHUX
@I1iHH BUPI3HSE€ YOTUPH KIIACH apXITEKTYpPH.

SISD (Single Instruction stream/Single Data stream) — oauHUYHMIA TOTIK KOMaH]I Ta
OJIMHUYHUU TOTIK JaHuX, HaBeneHud Ha puc. 2.8 (IIP — mpouecop, [1]] — mam’sTh
naHuX, YY — ynpaBisiounii pucTpiii).

Yy SISD

npP _/na

Puc. 2.8. Knac SISD knacudikamii dninna

Ho xnacy SISD nanexats, nepej yciMm, KJIacU4HI MOCTIAOBHI MalIUHU 13 apXiTEKTypOIO
¢on Heiimana, nanpukian, PDP-11 a6o VAX 11/780. B Takux mamuHax € TUIBKHA OJUH
MOTIK KOMaHJ, yCi KOMaHJ1 OOpOOJISIFOTHCS MOCIIIOBHO OJIHA 32 OJIHOKO 1 KOXKHA 3 HUX
MOPOJIKYE OJIHY CKaJApHY omeparfito. [Ipy 1boMy HEBaXKIWBO, IO JJIsi 30UIBIICHHS
IIBUJKOCTI OOpOOKM KOMaHJ 1 MIBUIAKOCTI apu(METUYHUX oOlepaliii Moxe OyTu
3aCTOCOBaHa KOHBEEpHA 00OpoOKa JaHUX.

SIMD (Single Instruction stream/Multiple Data stream) — oauHUYHMI TOTIK KOMaH]T
Ta MHOXKMHHU# MOTIK gaHuX (puc. 2.9).

Y moniOHIM apxXiTeKkTypi 30epiraeThCs OAWH TMOTIK KOMAaHJ, SKAWA BKJIIOYA€E, Ha
BIIMIHY BIJl TMOMNEPEIHbOTO KJacy, BEKTOpHI KomaHau. lle mae 3Mory BHKOHYBaTH
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apudmetnyHi omeparlii Bigpa3y 3 OaraTbMa JaHMMHU, HAMPHUKIA] €JIEMEHTaMU BEKTOpA.
Croci6 BuKOHaHHA cTporo He (Qikcyerbesa. Bin moxe OyTu peamizoBaHuit abo 3
BUKOPHUCTAHHAM MpoliecopHoi Marpuili, sik y ILLIAC 1V, abo 3a nomomororw KoHBeepa, K
y mamuHi Cray-1.

vy SIMD

P i —{nn

Puc. 2.9. Knac SIMD knacudikamii ®miaHa

MISD (Multiple Instruction stream/Single Data stream) — MHOXWUHHHIA IOTIK
KOMaH]I 1 OJIMHOYHHI MOTIK anuXx (puc. 2.10).

yy MISD

neP _no

Puc. 2.10. Knac MISD kmacudikarii ®miana

VY BuU3HaYeHHI MalOTh Ha yBa3il, 110 HASIBHICTH Y apXiTEKTypi 0araTb0X MpOIECOpPiB,
SIK1 OTPAI[bOBYIOTh OJIMH 1 TOW camuii TOTIK AaHuX. Y [1] HaBeaeHO aprymeHTalio TOro,
10 TAHUH KJ1aC OTPIOHO BBAXKATH MOPOKHIM.

MIMD (Multiple Instruction stream/Multiple Data stream) — MHOXHHHHN TOTIK
KOMaH/I Ta MHOKHHHHM TTOTIK JaHuX (1uB. puc. 2.11.

yy MIMD

e +—1—Ina

1

Puc. 2.11. Knac DISD knacudikariii @miaHa
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Ie#i kirac MICTHTh OOYHCITIOBAIBHI CUCTEMH, SIKI MAIOTh KIJIbKa MPUCTPOIB OOPOOKH
naHux. BiH € Haa3BUYaiHO IIMPOKHMM 1, 30KpeMa, MICTUTh Pi3HOMaHITHI
MyabTUIIponecopsi cuctemu: Cm*, C.mmp, Cray Y-MP, Intel Paragon ra 6araro iHmmx.
Ski0 KOHBEEpHY OOpOOKY pO3TIISATH SK BUKOHAHHS ITOCIIJOBHOCTI PI3HHUX CTaJlii
KOHBEEpPA HE HAJl OIMHOYHUM BEKTOPHUM MOTOKOM JaHUX, & HaJ] MHOKUHHUM CKaJIIPHUM
MIOTOKOM, TO YC1 BEKTOPHO-KOHBEEPHI KOMIT I0TEpH MOKHA BijgHecTH 110 kiacy MIMD.

Henonikom knacudikarii dniHHA € Te, MO JESIKI BaXXJIMBI CUCTEMU, HAIPHUKIIAL
dataflow Ta BexkTOpHO-KOHBEEPHI MAaIlIMHU, YiTKO HE BIHUCYIOTHCS y JaHy Kiacudikarfiro.
[Hmmit Hemomik — HaaMipHA HAMOBHEHICTh ocTaHHLOTO Kiacy MIMD. Ileit Hemomik mo-
nonaHo y kiacudikamii P. XokHi, skuil mpoBiB OUTBIN peTeibHY Kiacu(iKalliio Kiacy
MIMD [1].

2.4.2. Kanacudikaunia ®enra

[TpunHMMIoBi 1HIIMHA miaXin A0 kiaacudikaiii Oys 3anpornonoBanuii T. ®enrom y 1972
powi. 3rigHO A0 ULBOrO MIAXOAY Kiacu@ikamis HOPOBOAUTHCS IO JABOM IPOCTUM
xapaktepuctukaM. [lepima — uucio N GiTIB y MAIIMHHOMY CJIOBI, SIKI ONPaIlbOBYIOTHCS
napajiesibHO MPU BUKOHAHHI MAIIMHHUX IHCTPYKIINA. Maiike JUIs yCiX Cy4acHUX MaIlvH
1I€ YMCIIO CMIBHAAa€e 13 JOBXKHMHOIO MAalIMHHOIO cjoBa. J[pyra XapakTepucTuka piBHa
YUCITy CJIIB M, sIKI OJHOYACHO 00pO0IIsie TaHa 0OUMCITIOBAJIbHA CUCTEMA.

KoxHy oO4HMCIOBaIbHY CUCTEMY MOKHA OIHKCATU TMAPO YHUCEIN (n,m). JoOyTok

P =nxm BuU3HaYae€ IHTErpabHy XapaKTEPUCTHKY MOTEHLIATY OOUYMCIIOBAILHOI CUCTEMH,
Ky DeHr Ha3BaB MaKCHMAIbHOIO CTYIEHIO MapajenizMy o04YHuciIoBaibHOT cuctemu. [1o
CYTTI, 1€ HE MIO 1HIIE, SIK MKOBa MPOAYKTUBHICTb, BUPAXKEHA Y IHIIUX OJUHUIISX.

[Tokaxxemo obOuKccHHS XapakTepucTHK DeHra Ha mpukiaaal komm rorepa Advanced
Scientific Computer ¢ipmu Texas Instruments (TI ASC). YV ocHOBHOMY pexuMi BiH
00poOnsie 64-po3psiHEe CIOBO, MPUYOMY YC1 PO3PSIU OINMPaAlbOBYIOTHCS MapalieiabHO.
ApudMeTUIHO-JIOTTYHUIA TPUCTPIA Ma€ YOTUPHU OJHOYACHO TMPAIIOIYMX 8-CTaTIHHUX
koHBeepiB. [Ipu Takiit opranizamii 4x8=32 cioBa MOXYyTh OOpOOJSITHCS OJHOYACHO, 1
omxe komm’orep TI ASC moxe OyTu nmoganuit y Burisiai (64, 32).

Ha ocHoBi 3anpononoBanoi @eHroM kiacuikanii MOXXKHa BUOKPEMUTHU TaKl KJIacH:

1) Po3psiaHO-IIOCITIIOBHI, MOCTIBHO-IIOCIIIOBHI (n =1 m :l). VYV KOXHUM MOMEHT

4yacy Ha TaKMX MalIuHaX 00poOJISIEThCS TUIBKU OJIUH JBIMKOBHUI O3PSI,
2) PospsiaHO-mapaiebHi, OCTiBHO-TIOCIIIOBHI (n >1, m=1). BinbwicTs KIaCHYHUX

MOCJIIJIOBHUX KOMIT' IOTEPIB, TaK caMoO sIK 0araro OOYMCIIIOBAJIbHUX CHUCTEM 3
ormcamu (16,1) aGo (32,1), sixi icHyBamm 10 epu GaraTosIepHAX MaIIUH.
3) Po3psigHO-mOCHiNOBHI, mocHiBHO-MapanensHi  (N=1, m>1). OGuucioBanbHi

CUCTEMHU IbOTO KJIACYy CKJIAAIOThCS 13 BEJIMKOI KITBKOCTI OJIHOPO3PSIAHUX
MPOIICCOPHUX EJIEMEHTIB, KOXHUU 3 SAKUX TMpallo€ HE3aJIeKHO BIJ I1HIIHX.
Tunosum npukinagom € ICL DAP (1, 4096).

4) PospsHo-Tiapalienbhi, — nociiBHo-mapanenshi  (N>1,m> 1) . IlepeBaxHa

OUTBIIICT,  TapaJebHUX  OOYHMCIIOBAIBHUX  CHCTEM, SKi  OINpPalbOBYIOTh

OJIHOYACHO N XM JBIMKOBUX PO3PsIAiB, BITHOCUTHCS 10 1iboro kiacy: ILLIAC IV
(64, 64), TI ASC (64, 32) Ta Oararo iHIIHX.
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Henomnix kmacudikarii moB’si3ani 31 cmocoboM oOuwcieHHs uncia M. [Ipu mpomy
@eHr iIrHopye BIAMIHHICTH MK HPOIECOPHUMH MATPULIIMU, BEKTOPHO-KOHBEEPHUMH Ta
0araTonponecoOpHUMHU CUCTEMAMH.

Coaijl 3a3HAYMTH, 1110 3aIIPOIIOHOBAHO 0araTo IHIIMX Croco0iB Kinacudikarii [1].

2.5. GRID ra MmeTakoMII’ OTHUHT

VYci nepuri napanieiibHi CUCTEMHU HaJeXalld MOTYKHUM YCTaHOBaM Ta KOPIIOPAIIisM.
AJre y Haim 4ac curtyallis pizko 3MiHuiacs. OO0UKCIIIOBaIbHUN KJIacTep MOXHa 310paTu y
OlIBIIIOCTI  JTA0OpATOpiid, BIAIITOBXYIOUHCH JHIIE BII TOTped Yy OOYHMCIIOBAIbHIN
MOTY>KHOCTI Ta HassBHOTO Or0/KeTy. J{JIs 1itoro Kiacy 3ajad, siki He repeaoayaroTh TICHOT
B3a€EMOJII MDK TapaJelbHUMHA OOYMCIIOBAIPHUMH TIPOIlECaMHU, PIIICHHS Ha 0as3i
3BHYAHUX poOoUmnX cTaHIii Ta Mepexi Fast Ethernet e minkom eexTuBHIMU.

[IpomoBxkeHHAM ILOTO € 1€ BBaXaTH OyAb-fAKi TPHUCTPOI  IMapaICITHHOIO
OO0YHCITIOBAIFHOIO CHCTEMOIO, SIKIIIO BOHH MPAIIOIOTh OJHOYACHO 1 iX MOXHa BHKOPHUC-
TOBYBATH I PO3B’si3aHHS OfHieT 3aaaul. CriocoOu opraHizaiii napajieabHuX 00YHCICHb
Ta MOKJIMBOCTI CUCTEMH MOXYTbh OyTH Pi3HI, aje NPUHUIUIIOBA MOKJIUBICTh NapaJIeIbHUX
o0uuciIeHb Ma€e OyTH MPUCYTHS.

Y 1upoMy CceHCl yHIKaJIbHI MOXJIUBOCTI Hajae Mepexa I[HTepHeT, sSKy MOXKHa
pO3IUIA/IaTh SIK HAWOLIBIIMK Yy CBITI KoM 'toTep. JKoaHa oOuMcitoBalibHA CHCTEMa HE
MO3K€e 3pIBHSITHCS H1 1O MIKOBIN MPOJIYKTUBHOCTI, HiI IO 00’ €My OINEPaTUBHOI YU JUCKOBOT
nam’siTi 13 TUMH CyMapHUMH pecypcamu, SiKi MalOTh KOMIT IOT€pH, SIKI MIAKIIOYEHI J0
Mepexi [HrepHeT. 3BiJicK 1 TMOXOAWUTH CIElialibHA Ha3Ba I MPOIECY OpraHizalii
0o0UYHCIIeHh HA TaKid CUCTEM1 — Memaxomn romuHe. Y TPUHINII, HEOOOB’SI3KOBO PO3-
msiAaTH [HTepHET SIK €JMHE MOXJIMBE KOMYHIKALIifHE CEpeIOBUINE METAKOI I0Tepa, IfI0
POJIb MO’KE€ BUKOHYBATH Oy/Ib-SIKa MEPEKEBa TEXHOJOTISA. Y JaHOMY BUTAAKY TOJOBHUM €
NpUHIUI (YHKLIIOHYBAHHS, @ TEXHIYHUX MOKIIMBOCTEN Ha TAHUM 4ac ICHY€E JJOCTATHbO.

[Tepuii TpOTOTUIIH peIBHUX CUCTEM METAKOMIT FOTUHTY 3’ SBUJIUCS HANpukiHi 90-x
pokiB XX CTOMITTA. Y JEAKUX CUCTEMAX BUKOPUCTOBYIOTHCS BUCOKOMPOIYKTUBHI MEPEXI
Ta creliajgbHI MPOTOKOJIH, a IECh 32 OCHOBY OepeThCs 3BUYaliH1 KaHau 3B’ SI3Ky Ta poboTa
3 mpoTokosioM HTTP. [Ipukiaau BianoBiHUX cUcTeM HaBeneHi y [1].

O0’emHaHHAg y MeXaxX OJHIET Mepexi pI3HOMAHITHI TMPHUCTPOIB Ja€E 3MOTY
chopMmyBaTH CrieniagbHe OOYHMCIIOBaIbHE cepenoBuile. [IeBHI KOMIT'IOTEpU MOXKYTh
BMHKATUCS YW BUMHUKATHUCS, alie, 3 TO3UIlli KOPUCTyBaya, 1€ CEPEJOBHINE € €IUHUM
MeTakoMmIt 1oTepoM. [Ipalroroun y TakoMy CepeloBHUIIll, KOPUCTYBaY JHIIe (GOpMY€E 3aruT
Ta 3aBJIaHHS Ha PO3B’SI3yBaHHS 3a7advi. YCe IHIIEe METaKOMIT FOTEp POOUTH caM: IIyKae
JOCTYIIHI OOYMCITIOBAJIBHI PECYPCH, BIJACIIIKOBYE iX Mpale3/aTHICTh, BUKOHYE Iepeaady
JAHUX, BUKOHY€E IEPETBOPEHHS TAHUX Y MOTP1OHMI (popMaT TOLIO.

Onucanuit nporec 6arato y YoMy aHaJIOTTYHUHN JI0 €IeKTPUYHOI Mepexi. BMukarouu
YalHUK, KOPUCTYBA4 HE 3aMHUCITIOETHCS HAJl TUM, sIKa Mepexa BUPOOJII€ eIEeKTPOSHEPTIIO.
KopucrtyBaua notpiOeH imie pecypc, BiH HOro BUKOpUCTOBye. Came 3a aHAJIOTIEND 3
SJIIEKTPUIHOI0 MEPEKEI0 PO3MOIiIeHa 00UNCITIOBabHA CUCTEMA OTpUMalia B aHTJIOMOBHIN
niteparypi Ha3By "Grid" abo oOuunciroBaibHa Mepeka. Tepminu Grid Ta MeTakoOMIT FOTHHT
BUKOPUCTOBYIOTHCS SIK CHHOHIMH.

Ha BigMiHy Big TpaauiiifHOTO KOMIT'IOT€pa METAKOMIT IOTEpP Ma€ MU Haoip
NpUTAMaHHUX JIMIIE Homy o3Hak [11]:
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pPECYPCH METAKOMIT I0TE€pa 3HAYHO Nepesuwyioms Pecypcu 3BHUAHOTO KOMII IOTepa
0 YCIM MapaMeTpaMm: KUIbKICTh MPOIECOpiB, 00’€M TMaM’ATi, KIJIbKICTh aKTHBHUX
porpam, KOpUCTyBayiB TOIILIO.

METaKOMIT'IOTEp € Po3nodileHum 3a CBOEIO IPHPOO0. VOro KOMIOHEHTH MOXKYTh
Oyau BiJJaJIeHUMHU Ha THUCAYl KUTOMETPIB, 110 MOKE BIUTUBATH Ha OMEPATHUBHICTH Ta
IIBUIKICTh B3a€EMOIII.

METaKOMIT IOTEP MOdce OUHAMIYHO 3MIHIO8amu KoHGicypayito. Ane NJis KOpUCTyBada
po0oTa 3 METaKOMII IOTEpOM TMOBHMHHA 3aluiiaTuca mpo3oporo. Cucrema KepyBaHHS
METaKOMIT'IOTepa Ma€ BMITH IIIyKaTd BIAMOBIAHI pecypcH, TEpeBIpsATH  iX
npare3aTHICTh Ta PO3MOAUIATH 3a/1a4i, 10 HAAXOASTh Y CUCTEMY.

METaKOMIT'IOTep € HeoOHopioHum. Ilpu po3monuii 3aBAaHb MOTPIOHO BpaxoBYBaTH
0COOJIMBOCTI OMEpAIliiHUX CHUCTEM, SKI BXOJSITH JI0 MOro CKJIaay Ta MaroTh pPi3HI
CUCTeMH KOMaH/ 1 popmaTu JaHHX.

METaKOMII ' I0Tep 00 ‘€OHYE pecypcu pi3HUX YCMAHO8, TIONITHKA JTOCTYIY B SAKHUX MOXKE
CUJIBHO B1JIPI3HATHCS.
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3. OCHOBHI IOHATTS TEOPII MAPAJIEJIbHUX OBUUCJIEHD
3.1. TI'pa¢d aaropurmy

bynp-sika mporpama misi "3BHYAiHOTO KOMIT OTEpa'" omucye AESKYy POJMHY ajro-
puTMiIB. BuOip KOHKPETHOTO aIrOPUTMY MpH 1i peasizalilli BU3HAYAEThCA TUM, sIK '"crpa-
IIOBYIOTH" YMOBHI OI€paTOpH, SKI 3aJIeKaTh BiJ BXIAHUX JdaHuX. Tomy '"3BHUYaiiHUi"
KOMIT'IOTEp 3aBKIM BUKOHYE JIESIKY TMOCIHIJIOBHICTH JIiH, sIK& 0OHO3HAYHO BU3HAYAETHCSA
IPOrpaMor0 Ta BXITHUMHU JAaHUMH, IPUUOMY B KOXKHUNA MOMEHT 4acy BUKOHYETHCS PIBHO
OJTHA [if.

[nakma cutyariisi B cucremMax 3 HapajiejbHOIO apXiTeKTyporo. JlJis HUX B KOXKHHM
MOMEHT 4Yacy MOXE BUKOHYBATHCS IUIMIA HaOIp omeparliid, sSKi HE 3aJeXaTh OJHA BiJ
iHmoi. Ha mMoBUTBHIM KOHKPETHIN MapaienbHii cucTeMi I1i HaOOpH Ta TMOCHIIOBHICTh X
BUKOHAHHS OJHO3HAYHO BW3HAYAIOTHCS MPOTPAMOI0 Ta BXIAHUMHU JaHWMH. Ha pi3HHX
cUCTeMax Ii Habopu Ta MOCHIAOBHOCTI MOXYTh OyTH piznumu. Tum He MeHII, I
rapaHTyBaHHsS OTPHUMAaHHS OJHAKOBOTO PE3yNbTaTy MOPSAIOK BUKOHAHHS MOCIIIOBHOCTI
oreparliii Ma€ 3aJ10BOJILHATH ME€BHI YMOBH.

Jlesiki  omepariii aaropuTMy BHUKOPUCTOBYIOTH pe3yJbTaTH BHKOHAHHS I1HIIUX
orepariii 1 TOMy 0608 s3K0680 MarOmMb GUKOHY8amMucs TICIs UX onepariid. TakuMm 4uHOM
Ha MHOXUHI orepaliiii po3poOHUK TPOrpaMH SIBHO YM HESBHO 3aJ1a€ JACSKUNA "4acTKOBHM
MOpsIIOK", KU JUIsl JOBUIBHUX JIBOX ONEpalliii BKa3ye, sika 3 HUX MAa€ BUKOHYBATHUCS
paHiie, ado KOHCTATYye, 1110 Omepallii MOXKYTh BUKOHYBATUCS HE3AJIEKHO.

KoHiii oneparlii anropuTMy CTaBUTHCS Yy BIAMOBIIHICTD gepuiuna epaga. Bepumna
rpada 3’ednHyembcs 0y2oio 3 THIIO BEPIIMHOIO, SKINO MEpIla BEpiIMHa 0e3MoCepeIHbO
nepeaye IHMINA (TOOTO pe3yapTaT MepuIoi omepaiii € apryMEeHTOM Jpyroi omeparii).
Otpumanuii rpad Ha3UBAETHCA epagom ancopummy.

VY MHOXMHI BepInH rpada TakoX BUIAUISIOTH JB1 TPYIIU BEPIIUH: 6XIOHI 6epUIUHU, Y
AK1 HE BXOJUTh KOJIHA JyTa, Ta GUXIOHI 6epUIUHUL, 3 IKUX HE BUXOJATh AYTH.

I'pad anroputMmy Maiike 3aBXIM 3aJ€KUTh BiJ BXIJHUX AaHUX. SIKIIO HABITH y
mporpami BiICyTHI YMOBHI OIEpaTOpH, TO BIH 3aJE€KUTh B1J PO3MIPIB BX1ITHUX (BUXI1THUX)
MacuBiB, 00 BOHUM BHU3HAUAIOTh 3arajibHy KUIBKICTH OTMeEpalliif, a 0TKe, 1 BepIuH rpada.
TakuMm YMHOM Ha MPAKTHUIIl MAIKe 3aBXKIAU MAlOTh CIPaBy 3 alTOPUTMaMU, rpad SKHUX €
napamMeTpu3oBaHUM. Bij 3HaYeHHS mapaMeTpiB 3aJIeKUTh HE TITBKH KUTHKICTh BEPIIHH, a
W yCsl CyKYITHICTb JIYT.

Sxmo mporpaMa He MICTUTH YMOBHHUX OIEpaTOpiB, TO i caMy 1 TaKOX allfOPUTM,
SKUW BOHA pEali30By€, Ha3UBAETbCA OemepMiHosanum. ICHye TPUHIUIIOBA BIIMIHHICTh
MDK JETEpMIHOBAHMMH Ta HEACTEPMIHOBAHMMH alropuTMaMu. Jlis AeTepMiHOBAHOIO
AJITOPUTMY 3aBXKIU ICHY€ B3a€EMHO OJHO3HAYHA BIAMOBIJHICTh MK BCiMa OIepallisiMu Ta
yciMa BepIIMHAMM Ipady airopuTMy He3ajeKHO BiJl 3HaYEHHS BXIAHUX mapameTpis. s
HEJIEPMIHOBAHOTO AJITOPUTMY TaKOi BIAMOBITHOCTI HEMA.

Hapani, 6yayTh pos3risaaTcs JuIle AeTepMiHOBaHi alrOpUTMH. IX aHami3 € mpoc-
TIIIKM, HIXK Yy 3arajibHoMy BUnajky. Kpim Toro, 6araro HeleTepMiHOBAHUX aJITOPUTMIB €
"Maibke" 1eTepMiHOBaHUMHU, TOOTO 3BOJSATHCS 10 J€TEPMIHOBAHUX.

VYBenenuii y po3risi rpad alroputMmy € Opi€eHTOBAaHUM AIMKIITYHUM MYJIBTUTPadOM.
Moro anukmiyHicTh BHIUIHBAE i3 TOTO, IO y AOBUIBHHUX MPOTrpaMax Peasi3oBYIOTh JIHIIE
SIBH1 OOYHCIICHHS 1 HiSIKa BEJIMYMHA HE BU3HAYAETHCS caMma depe3 ceoe.
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TBepmxennsn 6. Hexaii G = (V , E) — 3B’sA3HUN alUKIIYHUN rpad, skuil Mae N Bep-

muH. Toal icHye Take yucio S <N, 10 ycl BEpIIMHU Ipada MOKHA TaK MOMITUTH OJHUM
13 1HJeKciB 1,...,S, 10 SKIIO0 Ayra BUXOJWTH 13 BEPIIMHMU 3 1HIAEKCOM i Ta BXOIUTH Y

BEPIIMHY 3 IHICKCOM |, TO 1 < .

I'pad, oTrpumMaHuM y BIAMOBIAHOCTI 13 TBEPKCHHAM 6, HA3MBAETHCI CHMIPO2OHO
napanenvtoro ¢hopmoro rpada alrroputmy. I'pyna BepiinH, SKi MalOTh OJHAKOBI 1HICKCH
HA3UBAEThCS spycom TapaneibHoi (GopMH, a KUIBKICTh BEPIIMH Yy TPYI — WUPUHOIO
apycy. KiupkicTh sipyciB y mapajienbHId (GopMi HA3MBAETHCA 6UCOmMOI0 TapayieIbHOL
dbopMu, MakcUMallbHa IIUPHUHA SpYyCy — 11 wupunoro. BianosigHi "6oTaHiyHI" TepMiHU
3aCTOCOBYIOTHCSI TAKOXK 1 O€3MOCepeHBO A0 AITOPUTMIB UM MIPOTPAM.

Cepen ctporux mapainenbHux GopMm icHye ¢dopMma, y sKii BXiJHI BEpIIUHU MAIOTh
iHmeKe 1, a JOBXKMHA yCiX NIIISAXIB BiJl TOYATKOBUX BEPIIHH J0 BEPIIMH iHIACKCY K piBHA
k —1. Taka ¢opma rpada Ha3UBAETHCI KAHOHIUHOIO NAPAenbHOI0 Gopmoro. JIist 3a1aHOTO
rpacda iioro kaHoHiYHa Gopma eouna.

SIKIO 7 MPOCTOTH BBaXKaTH, IO YCi omeparii aJropuTMy BHUKOHYIOTHCS 32
OJIMHUIII0 Yacy, TO BHCOTa NapajeiabHOi (OpMU alropuTMy piBHA Hacy peanizaiii
aNropuTMy. SIKII0 aITOPUTM peaji3oBYEThCS Ha "3BUYAHOMY'" KOMIT IOTEpi, TO YCI SIpyCH
napajienbHoi GopMH MICTITh OJHY BepinuHy. Taka mapanenbHa ¢opma Ha3UBAETHCS
JHIAHOIO.

[Tokazano [1], m0 He3aldeKHO BiJg TOro, sika MapajeibHa (GopMa aJrOpUTMY
peani3yeThCsl Ha KOMIT IOTEP1, pe3yiIbTaT peaiizallii Oy/e OJTHUM 1 TUM CaMUM.

TBepmkennsa /. Hexall npu BUKOHAHHI ONeEpaliil MOMUJIKHA 3a0KpYIJIEHb BU3HA-
YaroThCA JIMIIE 3HAYEHHSIMU apryMeHTIB. To/l Mpy OHUX 1 TUX CaMHX BXIJTHUX JaHUX YCI
peanizanii airOpuTMy, SIK1 BIAIOBIJAIOTh OJJHOMY 1 TOMY CAMOMY YaCTKOBOMY IMOPSIKY Ha
onepauisix, Aat0Th OJHAKOBUHI pe3yJbTaT BKIIOYHO 13 TOMUJIKAMH 3a0KPYTJICHb.

3.2. KoHueniisi HeoOMe:KeHOTro nmapaJieaizmy

[TosiBa mepnx napajgeabHUX OOYHMCITIOBAIBHUX cucTeM B 60-x pokax XX CTOMITTA
3yMOBHJIa HEOOXITHICTh MAaTEeMATHYHOI KOHIICIIIi MOOYIOBH NaApAienbHUX aicopummis,
TOOTO aJITOPUTMIB, IPHUCTOCOBAHMX JO peaiizallii Ha TaKUX CHCTeMaxX. 1OrodacHHM
IIBUJKUA PO3BUTOK €JIEMEHTHOI 0a3u Tiaka3yBaB JOCHIJHUKAM, M0 KUJIbKICTh
00UYHCITIOBAILHUX MPUCTPOIB Y CUCTEMI HEBJIOB31 MOXKE CTaTH AYy)Ke BEIUKUM. BiamosiaHa
KOHIICTIIIISI OTpUMaJia Ha3BY KOHYenyii HeoOMeHceHo20 napaienizmy.

B ocHOBI KoHIENINT JIGKUTh MPUMYIIEHHS, 10 AJITOPUTM peali3yeThcsl HA Tapa-
JeNbHIN OOYMCTIOBAIbHIN CHUCTEMI, SKa HE HAKJIaJa€ Ha HHOTO MPAKTUYHO HISKUX 00-
MEKCHbB. 3T1THO 10 KOHIICMIIT BBAXKAETHLCS, 110

® MpOILIECOPiB MOXKE OyTH SIK 3aBrOJIHO Oararo;
yCi TIPOIIECOPH CUCTEMH € YHIBEPCATbHUMU;

MIPOIIECOPH MPAIIOIOTh Y CHHXPOHHOMY PEKHMI;
yCl1 3aramM’ATOBYIOU1 IPUCTPOi CUCTEMH CITIITBHI;
nepenaBaHHs iH(oOpMaIlili y CUCTeMI BUKOHY€ETbCSI MUTTEBO 1 0€3 KOH(ITIKTIB.

Konrmenitisi HeoOOMeXXeHOro napajienizMy € 17eaai3oBaHO MaTeMaTUIHOK MOJIEIIIIO
napajiesibHOl OOYMCITIOBAIBHOI CHCTeMH. BoHa Mae sik CBOi mepeBard, Tak 1 HEJIOJIKH.
Posrasiuemo pe3ynbTaTi, OTpUMaHi Ha ii OCHOBI.
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Jyist 3HAXOHKEHHST PO3B 3Ky OJIHIET 1 TOI caMoi 3a7a4i MOXKYTh BUKOPHCTOBYBATHCS
QITOPUTMH PI3HOI TapanenbHoi ckiagHocTi. Cepenl HUX MOXYTh OyTH 1 alrOpUTMU
HaliMeHIIOT BUCOTH. PO3IJIsTHEMO KIaCHYHUN NPUKIAA, SKHA JEMOHCTPYE MPUHIUIH
noOyI0BU aJITOPUTMIB ""Majioi BUCOTH".

3.21. OO0uucieHHs 100yTKY eJieMeHTIiB MaCHBY

Hexaii notpiOHO 00YUCIUTH HOOYTOK N 4uCEN &,,a,,...,a, .

Posrnsnemo Bumamok N=8. Toxi 3BuYaiiHa cxema, y SKiil peari30ByeThCS
MOCIIIJOBHUI MPOLieC 00YHNCIIEHb, MA€ HACTYITHUN BUTIIA;

Hani: 8;,8,,83,8,,85,85,9;,3

Agpyc 1. aa,

Spyc2: (aa,)a,

Apye 3: (aa,3;)a,

Spyc 4: (a,a,8,8,)a;
Apyc 5: (2,3,8,8,8; )8,
Spyc 6:  (a,a,8,8,858,)a,

SApyc 7: (a,8,8,8,8:853, )3y

Bucora mapanensHoi ¢opmu piBHa 7, mupuHa piBHa 1. Skimo oOuuciaroBaibHA
cucTeMa Mae OluIbllie OAHOrO MPOLECOPA, TO 3a JAHOI CXEMHU yC1 BOHU KPIM OJHOTO OyayTh
MIPOCTOIOBATH.

Hactynna mnapanensHa ¢opma 1HIIOIO aaropuTMy OOUYHMCIIEHHS J0OYTKY BHKO-
PHUCTOBYE TIPOIIECOPH O1IbII €(HEKTUBHO:

Hani:  a,8,,8,,8,,8;,85,8,8

Spycl: a3, a@a, ad ad

Spyc2: (aa,)(a3,) (as8)(a,35)

Sdpye 3: (a@,a.3,) (a8:a,3)

Bucora napanensHoi dopmu piBHa 3, mupuna pisHa 4. CyTTeBe 3MEHIIICHHS BUCOTH
3YMOBJICHE OUIBIIINM 3aBAHTAXEHHSM MPOIIECOPIB BUKOHAHHSIM KOPUCHOI pOOOTH.

Biamosinxi rpadu onrcaHux airopuT™MiB HaBeleHI Ha puc. 3.1 (MoyaTKOBI BEPIIMHU
CUMBOJII3YIOTh BBiJ] TaHHX).

- ——— "

AVAR VAR

Puc. 3.1. Ilocnigouuii rpad ta rpad anroputmy "31BOEHHS"
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OcTanHs cXeMa OYEBHIHMM YHMHOM PO3MOBCIODKYETHCS HAa BHUIMAJOK JOBUIHHOTO N.
Jlns 11 peamizamii moTpiOHO Ha KOXXHOMY SIpyCl BHKOHYBaTH MaKCHUMaJlbHO MOXJIUBY
KUIBKICTh MHOXKE€Hb TIap 4YHCeJ, SKI OTpUMaHi Ha IMOoIepeaHboMy spyci (1 HE MaloTh
CIIJIbBHUX MHOXKHUKIB). B 3aranpHOMYy BHIIaJIKy BHCOTa mapayesibHOi (GopMH piBHA

[log,n], [a]| o3nauae "naitbimxye 3Bepxy" mo « wuine umucmno. Lls mapanensna popma
. n . .
Moke OyTH peasizoBaHa Ha > | mpouecopax, mpitioMy CTYMiHb saBaHTMKEROCTI MPO-

IIeCOpiB 3MEHIIYETHCS BiJl ApycCy A0 spycy. [Ipouec modynoBu eneMeHTiB KOXKHOTO SPYCY
HA3UBAETHCS TIPOIIECOM 3080€HHS.

3 BUKOPUCTAHHSM IIPOLIECY 3[BOEHHS MOXHa OyAyBaTd aJrOpPUTMHU JIOTapu(pMIYHOI
BUCOTH Ui OOYMCICHHS 3HAYeHb JIOBUIbHOI acOLIaTHUBHOI oOmeparii, HampuKiaa
J0JJaBaHHS BEKTOPIB, MHO>KEHHS MaTPHUIIb 1 T. II.

TBepaxennsa 8. Hexaill (yHKIS CYTTEBO 3aJIeKUTh BiJ N apryMEHTIB 1 300paxy-
€TbCSL Y BUIJISAl CYNEPHO3UIT CKIHYEHHOI KUJIBKOCTI OIepamii, KOKHa 3 SKUX Ma€ He
Oinbie P apryMeHTiB. [Ipunmyctumo, 1m0 3Ha4eHHS PYHKIII OOUHCIIIOETHCS 32 IOIOMOT OO
JESKOr0 alroOpuTMy 3 BHUKOPUCTAaHHSM THX caMux onepaimii. Toai SKmoO S — BUCOTa
anroputMy (6€3 ypaxyBaHHAM BBOJY JIaHuX), To $ > log n.

SAkiio 3amada Mae N BXiIHUX JTaHUX, TO MOKHA B 3arajJibHOMY BHUIIJIKy MOKHA pPO3-
paxoByBaTH Ha iICHYBaHHsS aJrOpPHTMY ii PO3B’s3aHHS i3 BUCOTOIO He OubIne, HixX logn.

SIkmo BAaeThes po3podutH anroput™m Bucotd 10g“n, ne a >0, To Takuii anropuUT™M
MO’KHa BBa)XKAaTH JIOCTAaTHHO €()EKTUBHUM 3 TOYKHU 30py HOro peanmizauli Ha mapajeiabHid
O00YMCIIIOBAJIBHINA CUCTEMI.

3.2.2. OOuucJIeHHs J00yTKY MATPHLi HA BEKTOP

Hexait Bexkrop Y =(V,,...,Y,) OOUHCIIOETbCS 5K HOOYTOK KBaApaTHOI MATpHUL

A:(aij), (i,j=1...,n) Ta Bektopa X =(X,,..., X, ), TO6TO

n
Yi = Zaijxj :
1

[IpumycTHMoO, 1O 06UKCTIOBATbHA cHCTeMa Mae N’ mporiecopi. Tofi Ha mepmioMy
KpOIi MOJKHA MapaienbHO OOUMCIHTH yei N° 1o6yTKiB a;X;, @ NOTIM, 3 BUKOPUCTAHHIM

CXeMH 31BOEHHs IS fojaBaHHs, 3a | 109, N| KpokiB o6umcnnTi mapanensHo yei N cym,
Kl BH3HA4YalOTh KOOpJAWHATHU BekTopa Y. ToOTo, MU OTpUMald aJrOpUTM OOYHMCIICHHS
N06YTKY KBaZpaTHOT MaTPHIIi Ta N-BUMIPHOTO BEKTOpA, IKMH Mae IMIMPUHY N’ Ta BHCOTY
[log,n|. Tlpn upomy mpouecopn BHKOPHCTOBYIOThCS HepiBHOMIpHO. Yci mpouecopu
3aisiH1 TUTBKK Ha mepuomy Kpoli. J{ani KUTbKICTh MPaIlol0urX MPOIECOPIB 3MEHIIYEThCS
yABIUl Ha KO)KHOMY KPOIIi.

3a IO0MOMOror0 aHaJOTIYHUX MIPKYBaHb OyAY€ThCA MapajelbHUN alroputM po3B’s-
3yBaHHS 3a/1auyl MHOKE€HHS JBOX KBaJpaTHUX MaTpuilb. [{t0 3amauy MokHa 3BeCTH 70 N
3a/lay MHOKEHHS TNEpIIOoi MaTpulll Ha TMOCTIAOBHI CTOBILI APYyroi marpuii. Ko
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BUKOPHUCTATHU MONEPEAHII alrOPUTM, TO OTPUMYEMO aITOPUTM, KU Ma€ BUCOTY MOPAIKY
log, n Ta mupuny n°.

Crin 3BEepHYTH yBary Ha Te, IO y PO3MVISHYTHUX MapajelbHUX BEPCisiX alropuTMiB
MHO>KEHHSI MaTPHIIb Ta BEKTOPIB BUHUKAE HEOOXITHICTh OJJHOYACHOTO HAJICUIIAHHSA OJHUM
1 TUX caMHX JaHUX Ha pi3HI mporecopd. Taki omeparii HE MOXHA BUKOHATH YK€
mBUAKO. TOMy Ha MPaKTHUIll MPOIEC OOUNCICHb MOXKE 3HAUHO YIOBLIHHIOBATHUCS.

3.2.3.  Hepouiku koHeniii HeOOMeKEHOT0 MapaJiesizMmy

3 BHUKOPHUCTAHHSIM KOHLEMIT HEOOMEXKEHOTO MapaienizMy pO3pO0JICHO BEIUKY
KUTBKICTh QJITOPUTMIB HEBETUKOI BUCOTH. 3 NESKMMU 3 HUX MOKHA MMO3HAHOMHTHUCS B
[1, 5].

Opnnak cilij 3a3HAYUTH, IO TEPEeBa)KHA OUIBIIICTh 3 IMX AJTOPUTMIB BHSBUIIMCS
NPAKTUYHO HENPHUIATHUMH Ha MpakTUill. OCHOBHI MPUYMHU I[LOTO — BEJIMKA KUIbKICTh
HEOOX1THUX MPOIIeCcOpPiB, CKIaAH1 1HPOpMAIliiiHI 3B’ A3KH MIXK OIepallisiMu, katactpodidHa
00YHCITIOBalIbHA HECTINKICTh, BeJIMKA KUIBKICTh KOH(MIIIKTIB IMam’sITi.

Jloka3u MPakTUYHOI HENMPHUAATHOCTI aJITOPUTMIB 3 BUKOPUCTAHHSAM KOHIIEMIIiT
HEOOMEXKEHOro TMapayesli3My MOKHa TaKOXX OTPUMATH TPOAHAJi3yBaBIIM THUIIOBI
MPUKJIAAH] MPOTPaMHI MAaKEeTH, K1 MOCTaYal0ThCs Pa3oM 13 MOMYJIPHUMHU NapasieIbHUMU
oOuucaoBaIbHUMUA cucteMamu. [lo cyTi, yci BOHM CKJIQJarOThCA 13 MpOrpam, SsKi
peanizyloTh TI caMl METOAH, sIKi J00pe cebe 3apeKOMEHIyBalud Ha TOCIII0BHUX
KOMIT ToTepax. PeanbHO B A€AKiii Mipi BUKOPUCTOBYETHCS JIUIIE MPUHIIMI 3ABOECHHS IS
0OYHUCIEHHS CyM Ta JOOYTKIB YHCET.

3.3. BuyTpimniii napaJesizm

VY mporueci TpUBaIOro BUKOPUCTAHHS MOCIIJOBHUX KOMII IOTEPIB OyB HAKOMUYEHU
3HAUHUNA Oarak OOYHMCIIOBAJbHUX alNropuTMiB Ta mnporpam. [losBa mapanenbHUX
KOMIT'IOT€pIB TOBHHHA Oyja 3yMOBHTH pPO3POOKY HOBHUX €(EKTHUBHUX IMapajebHUX
METOMIB. AJle Ha TMpaKTUIll IHOTO HE BinOynocs. ToMy MOCTa€ MUTaHHS, SK TOJI
PO3B’s3yBaTH 3aja4l Ha MapajeIbHUX KOMIT I0Tepax?

BiamoBine Ha mocTaBieHE TUTaHHSA y TepMiHAaX Miapo3autry 3.1. 3BOIUTHCS [0
HacTynmHoro. Bi3bMeMO MOBUIbHMI TPHUAATHUM AJITOPUTM, 3alMCAHWN y BHTJISII Marte-
MaTUYHUX CIIBBIJHOIIEHb, MOCIIJIOBHUX NPOrpaM YU SKUMOCh IHIIUM CIOCOOOM.
[Tpunyctumo, o ansa imiei ¢hopmu 3anucy nodyaoBaHo rpad aiaroputmy. Ilpumyctumo
TaKoX, 10 JJIsI 1bOro rpada 3HalIeHO mapayiesibHy (GopMy 13 JOCTATHHOI IIUPUHOIO
apyciB. Tolll pO3rJIIHYyTUH alropuT™, MpUHAUMHI MPUHIUIIOBO, MOXKHA peajli3yBaTH Ha
napayiesibHii 0OYMCIIOBaIbHINA cucTeMi. BaxXiIMBO 3ayBakKUTH, IO 3T1JTHO 3 TBEPIKEHHSIM
[, mapanenbHa peanizauis Oyae MaTH Taki caMi OOYMCIIOBaJIbHI BJIACTUBOCTI, 110 M
3BUYaitHa. 30KpeMa, YNCeTbHO CTIHKHI MOYAaTKOBHM alrOpUTM 30epirae 1o BIACTUBICTH 1
y mapanenbHid ¢opmi. [logiOHuit mapanenisM |y aJIropurMax OTpPHUMaB Ha3BYy
BHYMPIUWHbO20 NAPAENI3M)Y.

BusiBunocs, mo 6arato icHytouunx e(GeKTMBHUX MOCTIJOBHUX aJTOPUTMIB MAalOTh
3HayHUIl 3amac "BHYTpIMIHbOTO mapanenizmy". CKIagHICTh MOJSrae JUIIE y TOMY, SIK
BUSIBUTH TIEH TTapaiesTizM.
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3.3.1. Ilapaneni3dm y anropurmMi MHOKE€HHSI MAaTPUIIb

Posrnsnemo nactymuuii mpukian. Hexait motpiOHo obuuciautu no6yrok A=BC
JBOX KBaJpaTHUX MaTpullb B Ta C mopaaky N. 3rigHO BU3HAYEHHs Orepaiii MHOKEHHS
MaTpUIlb

a;=> b, (i,j=1...n). (6)
k=1

Cami 111 ¢popMynu HE BU3HAYAIOTHh AJITOPUTM OJHO3HAYHO, OCKUIBKH HE BKa3aHO MO-
PANOK OOYMCIIEHHS CyMH nofamkiB b, C,. Onnak Biipasy NOMITHMM € mapaienism 00-

9JuCJIeHb. BiH momsirae y BiZICYTHOCTI BKa3iBOK MPO SIKOTO-HEOYIb TMOPSAKY Iepedopy
1H/ICKCIB i Ta |.

Sxmo omepariii MHOXXKEHHS Ta JOJaBaHHS BUKOHYIOTHCS TOYHO, TO YC1 TOPSIKH
MiacyMyBaHHS y (6) € €KBIBaJCHTHUMH 1 IPUBOJATH JI0 OJHOTO 1 TOTO CAMOTO PE3YJIbTATY.
Hexaii BuOpano HacTynmHHi anroputm peanizauii popmy (6):

al” =0,
ai(jk):a'i(jk_l)+bikckj’ (i,j,k=1...,n), (7)
8, =a,"

3HOBY SIBHO BKa3aHO MapajelizM nepedopy iHaekciB 7, J. OqHak mo inaekcy K mapanenizmy
B)K€ HEMa, TaK SIK Il 1HJIeKC Ma€ MOCiOBHO nepedupaTucs Big 1 10 N (SK 11e BUTUIMBAE
13 popmynu (7)).

[Tobynyemo Ttenep rpad amroputmy (7). Ilpu mnobOymomi rpada He Oyaumo
BpaxoBYBaTH MPHUPOIY eIeMeHTiB MaTpuilb A, B Ta C (MOXHa BBa)XKaTH iX €JIEMEHTaMHU
OJTHOTO 1 TOTO camMoro Kuiblls). Bepmwan rpada HE MOKHA PO3TAIIOBYBATH JIOBUTLHUM
yuHOM. [IpuitHsATHUI crioci6 po3TanryBaHHs miakasye cam Burisg dopmyn (7). Enementu
rpady OyneMo po3TalioByBaTH y By3jaX MPSIMOKYTHOI IPATKH Y TPUBUMIPHOMY TIPOCTOPI.
Ananizyroun ¢popmyty (7) HEBaKXKO MOMITUTH, IO y BepluHy 3 KoopauHaramu (i, j,k)
Oyze IepeaBaTHCs pe3ylbTaT onepauii, sikiit Binnosizae sepumna (i, j,k —1).

I'pad anropuT™My BIAIITOBAHMH JOCTATHBO IIPOCTO. BiH posmamaetbcs Ha N’
HE3B’SI3HUX KOMITOHEHT. KoxHuil miarpad MIiCTUTh N BEpLIMH 1 fABJISE COOOIO JAHILIOT,
po3TaroBaHuii napanensHo oci K. Y Bunaaky n=2 rpad HaBeneHuil Ha puc. 3.2, a.

Y noBHOMY rpadi IpUCYTHS MHOXKHMHHA PO3CHIKA AaHMX. EneMeHT b, poscuiaeTbes 1o

yCiM BepIIIMHAM, SIKi MalOTh Ti cami 3HaveHHs koopauHaT i Ta K. s Bumagky n=2
BIIMOBITHI PO3CHJIKH elleMeHTiB MaTtpuib B ta C HaBeneHi Ha puc. 3.2, 6. HaBenenui
MPUKJIIA] TAKOXK JEMOHCTPYE, SIK BaXKJIMBO MPABHIILHO PO3TAIIOBYBATH BEPITUHU Tpada.

Crniz 3ayBa)KUTH, IO SKIIO J0AaBaHHS y (6) BUKOHYETHCS 32 CXEMOKO 3JIBOEHHS, TO
KOXKHUM BEpPTUKAJIbHUU JAHIIOr y Tpadi Mae OyTH 3amMiHEHUM Ha JIepeBO, HABEACHE Ha
puc. 3.2.

3.3.2. IlapajeaizaMm y ajaropurMi po3B’si3yBaHHfl CHCTeMH JiHiIHHMX
ajre0paivHUX PiBHAHD

Hexaii moTpiOHO 3HAHTH PO3B’SI30K CUCTEMH JIIHIMHUX aireOpaiuHux piBHsIHL AX =D
3 HEBUPOJKEHOIO TPUKYTHOIO MATPULICIO MOPSAAKY N METOJIOM 3BOPOTHOI IMiJICTAHOBKH.
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[Tpunyctumo, 1o matpuist 4 € J1BOI0 TPUKYTHOIO MATPHUIICIO 3 OJMHUYHOIO J1arOHaJUIIO.
Toai MmaeMo

Z Ty

el
-

—
-

Puc. 3.2. I'pad anroputMy MHOKEHHS MaTPHIIb

X =h, xi:bi—iaijxj,(zgisn). (8)

Lle#t 3amuc TakoX HE BH3HAYa€ AITOPUTM OJHO3HAYHO, OO HE BKA3aHO MOPSIOK
obOuuciieHHs cyM. Po3riisiHeMo HacTynHe yTOUHEHHs npoiecy (8):

Xi(O) =h,
xV=x —ax? i=12,..,n, j=12,...,i-1 (9)

x =xY

OcHoBHa omepaillisi alroputMy Mae Burissa a—bc. Bona BHKOHyeThCs IS ycix
JIONMYCTUMHUX 3HA4YCHb 1HAEKCIB [ Ta J. Jns moOynoBu rpada anroputMy B JIEKapTOBIi
CHCTEMI KOOPJMHAT 3 OCSIMH [ Ta | TOOYIyeEMO MPSIMOKYTHY CITKY 1 PO3MiCTUMO Y By3Jax
npu 2<i<n, 1< j<i-1 epmmuu rpada, ski BianoBigarTh oneparism a—bc. Takox
300pa3uMo Ha rpadi BEPIIMHH, SKi BiAINOBIIAOTH BBOMY BXiIHMX JaHux a; Ta b;. Ilei

rpad musg Bunmaaky N=5 300paxeHo Ha puc. 3.3. BepxHs KyToBa BepIlnHa 3HAXOAUTHCS Y
toui (1, 0).

Ha npomy pucyHky 300paskeHa oJiHa 13 MaKCUMaJIbHUX napaneiabHux ¢opm. li sspycu
nomiyeHi nyHkTupom. Llg mapanenbHa (opMa cTaHe KaHOHIYHOIO, SKIIO BEPILHUHH,

BJIMOBI/IHI 33 BBIJ €JIEMEHTIB &;, PO3TAIYBATU Yy MEPIIOMY Apyci. 3araibHa KUIbKICTH

sapyciB (0e3 ypaxyBaHHs BBOJly) piBHa N—1.

Bubip 3pocraroyoro mo j HampsMKy jJoaaBaHHA y (8), SKHi MPU3BIB 10 aITOPUTMY
(9), 6yB 3po0IIeHNMIA, B3aralli KaKy4dH, BUTAJIKOBO.

AHajorivuHo MokHa nNoOyayBaTH  @JIrOPUTM  3BOPOTHOI  MiJICTAHOBKH 3
BUKOPHUCTAHHSM JIO/IaBAHHS 32 CIIAJaHHIM IHICKCY |
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X' =b,
XV =x —ax i=12,...,n, j=12,.,i-1 (10)

BiamoBimamii rpad mus Bumagky N=5 nHaBeaeHo Ha puc. 3.4. Temep BepxHS KyTOBa
BepIIMHA po3TamoBana y toui (1, 1).

Puc. 3.4. I'pad mist anroputMy 3BOpoTHOT TificTaHOBKH (10) 171 TPUKYTHOT CHCTEMH

[TpoOyroum po3TaiyBaTH BEpIIMHH, SKi BiAMOBIIal0Th onepaiisM a —bc, 3a spycamu
xoua 0 OJIHI€T mapanenbHoi HopMH, MPUXOAUMO IO BUCHOBKY, 1110 TETEP Y KOKHOMY SIpyCl
3aBXIM MOXE 3HAXOJUTUCA TITbKHA OfHA BepiuHa. el dakT mosicHIOEThCs TUM, TIO yCi
BepuIMHU rpada Ha puc. 33 JieKaTh HA OJHOMY NUIAXY, SKUH MO3HAYEHHM Ha PUCYHKY
nyHKTUpoM. ToMy 3aranbHa KUIBKICTH sipyciB anroputmy (10), sxi MICTSITh omeparii
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BUIIIALY @—DC, 3aBkau piBHA (n2 —n+2)/ 2, 10 HabaraTo OuIbIIe 3a 4yuciao N—1 —

KUIBKICTB SIPYCIB JJIsI BITIOBITHUX Omepaliiid y anroputMi (9).

OTtpuManuii pe3ynbTaT € JOoCUTh HecmoaiBaHuMm. Oo6uzaBa amroputmu (9) Ta (10)
pU3HAYCHI IS PO3B’sI3yBaHHS Ti€i camoi 3amadi 1 po3polbieHi Ha ocHOBI (Gopmyn (8).
O6uaBa anropuTMu aOCOJIIOTHO OJHAKOBI 3 TOYKM 30py iX peamizamii Ha
0araTonpouecopHii CHUCTEMi, OCKIIBKH MHOTpeOyIOTh BHUKOHAHHS OJHAKOBOi KIJIBKOCTI
orieparlii MHOXKEHHsI Ta BITHIMAHHS 1 OJJHAKOBOTO 00 €My IaM ATl 1 € €KBIBAJICHTHUMHU 3
TOYKH 30py MOMIJIOK 3a0KPYTJICHHS.

Tum He MeHI, mapaienbHI rpa@u anrOpPUTMIB MPUHIUIOBO pi3HI. SKmio mi an-
TOPUTMH peaii3yBaTH Ha MapaleNbHId CHUCTeMI 3 N yHIBEpCATbHUMH MPOLECOpPaMH, TO
anroput™ (9) MokHa peani3yBaTH 3a 4ac, IpONOpIiiHUil N, a anroput™ (10) — mume 3a
yac TIpomoOpILikHMi N’. V mepmomy BUMAAKy 3aBaHTAKEHICTH MPOLECOpPiB OIM3bKA 10
0, 5, ay npyromy — 10 0.

Takum yuHOM, anTOPUTMHU, LIJIKOM OJHAKOBI MPH MOCTIAOBHINA peani3allii, MOXYTh
BUSIBUTHUCS MPUHIUIIOB] BIIMIHHUMU TIPU peali3allii Ha mapajielibHiil 00uYMCIIOBANIbHIN
CUCTEMI.

B 1mpomy, B3aram Kaxydd, 1 TOJIATa€ OCHOBHA CKJIQJHICTh MPOTPaMyBaHHS
MIpOTrpamMHOro 3a0e3neueHHs JUisl O0YKCIICHb Ha MapaieIbHUX KOMIT I0Tepax.
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4. TTPOI'PAMYBAHHA 3 BUKOPUCTAHHAM ITOTOKIB

baraTo3amayHiCTh MHIATPUMYETHCS MPAKTUYHO yCiMa CYYaCHUMH OIEpariiiHUMU
cucteMaMu. IcHye nBa Tunu Oararo3ajadyHocTi: 0OaraTo3ajadHICTh, 3aCHOBaHa Ha
npoyecax Ta 6araTo3aJ1ayHICTh, 3ACHOBAHA HA HOMOKAX.

barato3anayHicTb Ha OCHOBI BHUKOPUCTaHHSI npoyecié Ja€ 3MOTY OJIHOYACHO
BUKOHYBAaTH Ha KOMII'IOTEpl JAeKuIbKa nporpaM. IIpum mpoMy mporpama € HaliMEHIIO
OJIMHUIICIO, IKOI0 MOKE KEpyBaTH IUIaHYBaJIbHUK onepauiiHoi cuctemu. KoxHuil nponec
noTpedye OKpeMUM aipeCHUI MPOCTIp.

barato3ana4yHicTb, 3aCHOBaHa Ha MOMOKAX, BUMAara€ MEHIIUX BHUTpaT OO4YHC-
JIOBaJIbHUX PECypCiB, OCKUIBKM TOTOKM OJHOTO MPOILECY BUKOPUCTOBYIOTH CIUIBHUMN
aapecHuii mpoctip. IlepemukanHs Ta KOMYHIKaIlli MiXK IOTOKAaMH TaKOX MOTPEOYIOTh
3HaYHO MEHIMIOI KIJIBKOCTI pecypciB. MiHIManbHUM €JIEMEHTOM KEpPOBAHOTO KOAY IMpHU
0araTo3a/lagHOCTI Ha OCHOBI MOTOKIB € moTik (thread).

VY Java Ta C# npucytHs BOyJOBaHa MiATPUMKa MPOrpaMyBaHHsS 3 BUKOPUCTAHHIM
KUIBKOX MOTOKIB. [Iporpama mMoe MICTUTH KUIbKa YaCTHH, SIKI BUKOHYIOTBCSI OJJHOYACHO.
Hanpuknan, TekcToBuil penakrop Moxe (opmaryBaTH TEKCT 1 HapajesbHO JPYyKyBaTH
Horo Ha npuHTepi. KokHa Taka yacTHHA MPOrpaMy Ha3UBAETHCS MOTOKOM 1 KOKHUN MOTIK
3aJla€  OKpeMHIl IUIAX BHUKOHAHHA nporpamMu. ToOTo, 0araTonoToKOBICTH €
Crieniai3oBaHow GopMoro OaraTo3agaqyHoCTi.

[TinTprMka 6araTormoTOKOBOCTI JJa€ 3MOTY IHcaTH €()eKTUBHI IIPOrpaMu 3a paXxyHOK
BUKOPHUCTAaHHA YCIX pecypciB mporecopa. llle oxniero mepeBaroro 0araToOnoTOKOBOIO
nporpaMyBaHHSl € 3MEHIICHHS Yacy OdvikyBaHHS. lle € BawJMBHM i 1HTEPaKTUBHUX
MEpPEKEBUX CHUCTEM, JJIS SAKUX OYIKYBaHHS Ta MPOCTiM € 3BMYHUM sBuIleM. Hampukian,
HIBUJKICTh NIE€pe/iadl JaHUX MO0 MEPEXl CYTTEBO HMKYa 3a IIBUJKICTH OOPOOKH JaHUX Yy
MeXax JIOKalbHOI (PaiiyloBOi CHCTEMH, SIKa y CBOIO Uepry 3HAYHO HIKYA 3a MIBUAKICTH
OTIPAITIOBAaHHS JaHUX LIEHTPATLHUM MPOILECOPOM CUCTEMH. B 0JTHO MOTOKOBHX MporpaMax
MOTPIOHO OYIKYBAaTH 3aBEPILCHHS MOBUILHUX omepanid oOpoOku naHux. Tomy wyac
MIPOCTOI0 MOKe OyTH 3HAYHUM. Y 0araTonoTOKOBUX Iporpamax 3a Ied caMuil yac MOXKHA
napajielbHO BUKOHATH psin "mBuakux" onepaiiid. [Ipu 1ipomy 6aratomnoTokoBi mporpamu
BUKOPHUCTOBYIOThCS SIK HA OJTHO-, TaK 1 Ha 0araTtosiiepHUX cucTemMax.

4.1. TloroxoBa MojaeJb y Java

Vs 6i0mioTeka KiaciB Java cHIpoekToBaHa TakKUM YWHOM, I00 3abe3reunTd
MIATPUMKY 6araTornoTOKOBOCTI.

[lepeBara 6aratomnoTOKOBOCTI MOJIATAE Y TOMY, 1110 HE BUKOPUCTOBYETHCS MEXaHI3M
HUKIIYHOTO OMUTYBaHHS uepru mnoAi. OauH TMOTIK Moxke OyTH MNpU3YyNUHEHHH 0e3
3YNUHKH 1HIIHX.

[ToTOKM ICHYIOTh Y KUIBKOX CIAHAX:

NOTIK BUKOHYETHCS;

MOTIK TOTYETHCSI 0 BAKOHAHHS;

NOTIK TPU3YNUHEHUH (3 MOXKIIUBICTIO BITHOBJICHHS);
po0OOTa MOTOKY BIIHOBJICHA;

MOTIK 3a0JIOKOBAHMIA;

MOTIK TIepepBaHuil (He MOXe OyTH BITHOBJICHUIN).

ook wnE

Java mpucBoroe KOXHOMY TIOTOKY npiopumem, SIKAA BU3HAYAE TOBEMIHKY ITHOTO
MOTOKY MO BIJHOIICHHIO JI0 IHIMX TOTOKIB. IIpiopuTeT MOTOKIB 3alal0ThCS IUTMMH
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YHClIaMH, AKl BKa3ylOTh Ha BIJTHOCHHM MPIOPUTET MOTOKY IO BiJHOIICHHIO A0 I1HIIHUX
nmoTokiB. Ciij] 3a3HAYNTH, 10 MBUAKICTh BUKOHAHHS MOTOKY 3 HU3LKHM MPIOPUTETOM He
8I0pIi3HsAEMbCA B1Jl MBUJKOCTI BUKOHAHHS BUCOKOMPIOPUTETHOTO MOTOKY, SKIINO TMOTIK €
€IMHUM TIOTOKOM Ha JaHUM MOMEHT. Alle MpIOPUTET CYTTEBO BIUIMBAE HA MPOIEC
nepexoay BiJ BUKOHAHHS OJHOTO MOTOKY 10 I1HIIONO Yy BHMAAKy 0araTomoOTOKOBHUX
nporpam. Lleit mponec HOCUTH Ha3BY nepemukanHs koHmexcmy. [IpaBuiia mepeMUKaHHS
KOHTEKCTY:

1. TloTik MoOXe OobposinbHo nepedamu KepyéauHs. JInsd 1bOro MOXHA SIBHO
MOCTYIUTUCA MICIIEM Y Yep31 BUKOHAHHS, PU3YIIUHUTHU MOTIK YU OJIOKYBaTH Ha 4ac
BUKOHAHHS BBOAY-BUBOAY. [Ipu 1iboMy ycCi 1HIII MOTOKH MEPEBIPSIOTHCA 1 pecypcu
mpolecopa MepealoThCsi TOTOBOMY JO BHUKOHAHHS TMOTOKY 3 MAaKCHMaJIbHUM
MIPIOPUTETOM.

2. Tlotik Moxxe OyTH nepepsanuti iHwum OLIbUWL NPIOPUMEMHUM NOMOKOM. Y UBOMY
BUIAJIKy HU3bKOMPIOPUTETHUH MOTIK, KU HE 3aliMae MPOIECOp, MPU3YIHHIETCS
BHCOKOIIPIOPUTETHUM ITOTOKOM HE3aJICKHO BiJ TOTO, IO BiH poOuTh. Lei MexaHi3m
HA3UBAETHCS Oacamo3zadaynicmioo 3 eumucHeHHam (200 OacamozadauHicmio 3
npiopumemon).

VY Bumajky, KOJM JiBa MOTOKU 13 OJHAKOBUMHU IPIOPUTETOM MPETCHAYIOTH Ha Te,
o0 BUKOPUCTATH TMPOILIECOP, CHUTyalllsl YCKIAAHIOEThCA. Y OMepalliiHiil cucremi
Windows 11i MOTOKH AiIATh MK COO0I0 Yac mpoliecopa. Y 1HIIMX ONepalliiHuX CHCTEMax
MOTOKHU MOBUHHI IPUMYCOBO Tepe/laBaTh KEPYBaHHS CBOIM "poanuam".

CuHxpoHi3auis

baratonoTokoBicTh HaJa€ MPOrpaMaM MOKJIIMBICTh aCHHXPOHHOI oBeAIHKHU. [IpoTe
y 0aratbOX BHUIIQJIKaxX MPHU CIUILHOMY BUKOPUCTAHHI JAHUX KUJIbKOMAa MOTOKAaMHU BHUHHUKAE
notpeda y cuHxpoHizauli. Hanpukmnan, npu cnujibHOMYy BUKOPHCTAHHI 3B’SI3HOTO CIIMCKY
NOTPIOHO TependaYuTH MOKIIMBICTh 3a00pOHU OJHOMY MOTOKY 3MIHIOBATH JaHI LIOTO
CIUCKY, TMOKM I1HIIMM MOTIK 34YUTY€ €JIEMEHTH Lporo cnucky. [ns mporo y Java
BUKOPUCTOBYETHCS 100pE BIAOMHUIA 13 TEOP1i MIKIIPOLIECHOI CHHXPOHI3allli MEXaH13M, SIKUW
Mae Ha3By "mMoHiTop". Monimop OyB po3pobnenuit U. Xoapom. HedopmanbHo moxkHa
CHpUiMaTd MOHITOp SK AyXK€ MaJIeHbKy CKPUHIO, Yy Ky B OJMHMIIO 4Yacy MOKHA
"momicTUTH" JUIIE OAWH MOTIK. SIK TUIbKU MOTIK "yBIHIIOB" y MOHITOp, yCi 1HIII TTOTOKH
MOBUHHI Y€KaTH, MOKHU TOTIK HE BUiiIe 13 MOHITOpAa. TakuM YMHOM MOHITOpP MOXKe OyTH
BUKOPHUCTAHUU O0J1s1 3AXUCMY CRLILHUX Pecypcié 810 0OHOYACHO20 SUKOPUCMAHHS OLIbIIe
HIXK OJTHUM TTOTOKOM.

4.1.1. Kaac Thread ra inTepdeiic Runnable

bararomorokoBa cucrema Java BOymoBaHa y kiac Thread, HOro METOAM Ta JI0-
MOBHIOKOYMI Horo iHTepdeiic Runnable. Kmac Thread iHKancymo€e MOTIK BUKOHAHHS.
Jlnst Toro, 1100 CTBOPUTH HOBHH TOTIK, MOTPIOHO a00 po3mupuTH Kiac Thread (Iisxom
HACJIilyBaHHS BiJl HbOT0) a00 pearizyBaTH y Kiaci intTepdeiic Runnable.

Knac Thread Bu3Hauae psj METOIB, SIKI IOMOMAratoTh KEpyBaTH NOTOKamHu. Jlesiki
3 HUX HaBEJIEH1 Y HACTYIHINA TabIuIl
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Tabmuis 4.1.
Meroau kepyBaHHS IOTOKaMHU Kilacy Thread

Metona IIpusHavyeHHs

getName OTpumaTH iM’sl IOTOKY

getPriority | OTpuMaTH IPIOPUTET MOTOKY

isAlive BuzHaunuTH, 4 BUKOHYETHCS TTOTIK

join OuiKyBaTH 3aBepIICHHS] BUKOHAHHS IIOTOKY

run BximHa Touka MOTOKY

sleep [Tpu3ynuHNUTH BUKOHAHHS MOTOKY HA 3aJaHHii IHTEPBAJI Yacy
start 3amyCTUTH MOTIK HA BAKOHAHHS BUKJIMKOM HOTO METOAY run

4.1.2. TI'os10BHMHE MOTIK

Komu 3amyckaerbest Java-mporpama, TMOYMHAE BUKOHYBATHCS OJUH TMOTIK, SKHIM
3a3BMYail Ha3MBalOTh TOJOBHMM moTokoMm (Mmain thread) nporpamu. I'ogoBHHE MOTIK
MpPOrpaMu:

1. Tlopomxkye yci 104ipHi TOTOKH.
2. Yacto moBwHEH OyTH OCTaHHIM ITOTOKOM, SKWH 3aBepllye BUKOHAHHS, TaK SK

BUKOHY€ PI3HOMaHITHI Aii.

He nuBnsianch Ha Te, M0 TOJOBHUN MOTIK CTBOPIOETHCS aBTOMATHYHO, HUM MO>KHA
KepyBaTH 3a JIONIOMOTOI0 METOIB 00’ekTy kiacy Thread. Jlng mporo mnoTpiOHO
OTPUMATH MOCUJIAHHS HA HBOTO IUIIXOM BHKIMKY MeToly currentThread (). Moro
OTIHC MA€ BUTJTISA

static Thread currentThread()

Lle#t MeTox moBepTa€e MOCUIIAHHS HA TIOTIK, 13 SKOTO BiH OYB BUKJIUKAHHM.
PosrnsHemMo HacTyImHUM TIpUKIaA;

public static void main(String[] args) {
Thread t = Thread.currentThread() ;

System.out.println ("Current thread: " + t);
t.setName ("My thread");
System.out.println ("Changed thread name: " + t);
try {

for (int 1 = 5; i > 0; i--) {

System.out.println(i);
Thread.sleep(1000) ;

}
} catch (InterruptedException e) {

System.out.println("Main thread interrupted");

[TocunanHs Ha MOTOYHUN (y JAHOMY BHUIMAAKY TOJIOBHUMN) MOTIK 30epiraerbcs y
3MIHHIA t. 3aTpuMKa peami3yeThCsl NMUISXOM BUKIHUKY METOMy sleep (), apryMeHTOM
SAKOTO € TPHUBAIICTh 3aTPUMKH y MiJiceKyHaax. Bukopucranns Oioky try/catch e
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0008 '13K06UM, OCKUIBKH METO/I sleep () MOXKE 3reHepyBaTH
InterruptedException. lle Moxe BiIOyTHCS Y BUNIQJKY, KOJIU JIEIKUN MOTIK 3aX04e
nepepBaTH BUKOHAHHS MTOTOYHOTO MOTOKY. Onuc Metoay sleep () :

static void sleep(long mMmnaicexkyHnu) throws
InterruptedException

[Tpu BuBOAI iH(OpMaLii PO MOTIK HA KOHCOJIb BiTOOpaXXaeThCsl 1M’ TOTOKY, HOTO
HPIOPUTET Ta iM’sl TPYIHU MOTOKY 10 SKOI BiIHOCHUTHCS MaHW MOTiK. ['pyma moTtoky —
CTPYKTYpa AaHUX, KA Kepye HAOOPOM MOTOKIB Y IILIOMY.

4.1.3.  Peadnizamis intepdeiicy Runnable

IaTepdeiic Runnable abcTparye OAMHHINO BHKOHYBaHOTO Komy. Jlms peamizartii
1IbOTO iHTEepdEiCy y K1aci Mae OyTH peari3oBaHUN METOI run () :

public void run ()

Bcepenuni 1boro MeToy noTpioHO po3TallyBaTu KOJI, SKUH BU3HAYAE JIii, SIK1 MAIOTh
BUKOHYBATHCSl Y HOBOMY HOTOLI. Y METOJl run () MOXHAa BUKJIMKATH 1HII METOAM,
BUKOPHCTOBYBATH 1HII KJIACH, OMUCYBAaTH 3MIHHI — TaK CaMoO fIK 1€ pOOUTh T'OJIOBHUMN
noTik. €IMHAa BIAMIHHICTD — METOJ run () BH3HAYa€ TOYKY BXOJy IHIIOTO,
napajieJIbHOro MOTOKY BcepeauHi mporpamu. Llei moTik 3aBepury€eTsesi TO/1, KOJIU METO]
run () MoBepTa€ KEPyBaHHS.

[Ipu peamizarii kj1lacy KOpUCTyBauya BUKOPUCTOBYIOTbCS 00’€kTH Kiacy Thread. Y
Kkjaci Thread BU3HAYEHO KiJIbKa KOHCTPYKTOPIB. M0OKHA BUKOPUCTOBYBATH, HAIIPUKJIIA/,
HACTYyMHUI KOHCTPYKTOP:

Thread (Runnable o6’exT noroky, String imM’sa IOTOKY)

Y 1pOMy KOHCTPYKTOpI 00’ eKT NOTOKY — L€ €K3eMIULp Kiacy, SKUil peaiisye
iHTepdeiic Runnable.

[Ticnst TOro sik HOBMM MOTIK Oy/Ji€ CTBOPEHMI, BIH HE 3aIlyCTUTHCA O THUX HIp, MOKU
He OyJjie BUKJIMKAHO MeTOJ start () kiacy Thread.

Po3risiHEMO HACTYTHUM TPUKJIIAL:

class MyThread implements Runnable({
Thread t;
public MyThread() {
t = new Thread(this, "My thread demo");
System.out.println("My thread "+ t + " is created");

t.start ()
}
public void run() {
try {
for (int 1 = 5; 1 > 0; i--) {

System.out.println ("My thread " + 1i);
Thread.sleep (1000) ;
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catch (InterruptedException e) {
System.out.println("My thread is interrupted");

}
System.out.println ("My thread is terminated")

}
public class MyClass {
public static void main(String[] args) {
new MyThread() ;
try {
for (int 1 = 0; 1 < 5; 1i++) {
System.out.println("main " + 1i);
Thread.sleep(1000) ;

}
} catch (InterruptedException e) {
System.out.println("Main thread interrupted");;

VYcepeauni koHCTpykTOpa MyThread () MICTUTBCSI HACTYITHUM PAOK KOAY
t = new Thread(this, "My thread demo");

[lepenaya 06’exkta this mnepmuM apryMeHTOM CBIAYUTH IPO TE€, 10 HOBHM MOTIK Oyze
BUKJIMKATU MeToJ run () o0’ekra this.

HactynHuii BUKIIMK MeTOAy start () 3amyckae MOTIK HA BUKOHAHHS, Y pe3yJbTarTi
YOro MOYMHAE BUKOHYBATUCS UUKI for, AKUH MICTUTBCA Y TUII METOAY run ().

4.1.4. CTBopeHnHs HAMAAKIB Kiaacy Thread

Krnac namanok mae 0608 ’s13k060 TEpEBU3HAYUTH METOJ run (), SIKUA € TOYKOIO
BXOJAy IJI1 HOBOrO MOTOKY. JIJisi 3amycky MOTOKY Ha BHUKOHAHHS TaK camMoO MOTPIOHO
BUKJIMKATHU MEeTOA start ().

VY ce BulieckazaHne MpoaeMOHCTPOBAHO HA HACTYITHOMY MPUKJIAII:

class NewThread extends Thread{
NewThread (String name) {
super (name) ;
System.out.println(this+ " is started");

public void run() {
for (int 1 = 10, i > 0; i--) {
System.out.println(getName ()+ ", i =" + 1);
try {

Thread.sleep (500);
} catch (InterruptedException e) {
e.printStackTrace() ;
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}
}

System.out.printf ("%s is terminated\n", getName());

}
public class MyClass {
public static void main (String[] args) {
NewThread threadl = new NewThread ("thread 1");
threadl.setPriority (Thread.MIN PRIORITY) ;
NewThread thread?2 = new NewThread ("thread 2");
thread2.setPriority (Thread.MAX PRIORITY) ;
threadl.start () ;
thread2.start () ;
try {
for (int 1 = 0; i <= 5; 1i++) {
System.out.println("main " + 1i);
Thread.sleep(1000);

}
} catch (InterruptedException e) {
System.out.println ("Main thread interrupted");

Y  koHCTpykTOpi Kiacy NewThread cHoyaTKy TPaguIliiHO BHUKIMKAETHCS
KOHCTPYKTOp CyINepKIIacy.

Cain 3a3HauuTH, IO Y JiTeparypi no Java [8] pekoMeHayeThCS BUKOPHUCTOBYBATH
JUIS. TOTOKIB MiAXiJ 3 BUKOPUCTAHHSM HACHITyBaHHS TOJi, KOJIM BHUHHMKaE MOTpeda
MoaudikyBatu metonu kinacy Thread. Tomy y OutbmocTi "cTanmapTHuX" BUIAIKIB
BUKOPHCTaHHA MMOTOKIB peaiizaiis inTepdeiicy Runnable € 10CTaTHBOIO.

[IpiopuTeT MOTOKY 3a/1a€ThCS 32 JOMIOMOTOI0 METOAA

final void setPriority(int piBeHb)

3HayeHHA pIBHA NPIOPUTETY Ma€ JIeKaTh y Mexkax Bigx MIN PRIORITY 1o
MAX PRIORITY. Ha manuii MOMEHT Li 3HaueHHs piBHI BianosinHo 1 ta 10. 3HadeHHA

NPIOPUTETY IO 3aMOBYYBAaHHIO pIBHE KOHCTaHTI NORM PRIORITY (Ha JaHWW 4ac il
3HAYEHHSA PiBHE 5).

OTpumaTH NpIOPUTET MOTOKY MOKHA 3 BUKOPUCTAHHIM METONly getPriority () :
final int getPriority()
4.1.5. Buxopucranus meroxis isAlive() Ta join()

Icaye nBa cmocoOu mepeBipKH 3aBEpIICHHS BUKOHAHHS MOTOKY. Haitmpocrime e
3pOOMTH 3 BHUKOPUCTAHHSIM MeToay isAlive () wimacy Thread, SKUM omnuMcaHUN
HACTYITHUM YHHOM:

final Boolean isAlive ()
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Mero isAlive () moBepTae 3Ha4YeHHs true, SIKIIO TMOTIK, JJs SKOTO BiH OYB
BUKJIMKAHUH, 1€ BAKOHYETHCS.

KpiM Toro, icHye Meron, SKUil BUKOPHCTOBYETHCSA [JISl OUIKYBaHHS 3aBEPIICHHS
BUKOHAHHSA IOTOKY — METOJ JOoin ().

final void join() throws InetrruptedException

Lleti MeTOn OYIKye 3aBEpIICHHS IMOTOKY, JUIS SKOTO BiH OyB BHKJIMKaHUH. Woro massa
BiJI0Opa)ka€e KOHIICTIN1O, 3T1THO J0 SKO1 BUKIMKAIOUUHN MOTIK OYIKY€, MOKH 3aJaHUN MOTIK
IIPHETHAETHCS JI0 HhOTO. Takok MOYKHAa BKa3yBaTH MaKCHUMaJbHHI 9ac OYiKyBaHHS (Y
MUJIICEKYH/1aX).

S0, HaMPUKIIAM, TOAATH JIO TIOMEPEAHBOT MPOTPAMH ITICIIS PSAAKA KOTY

thread2.start () ;

HACTYIHUHN pparMeHT

try {
threadl.join (2000) ;

} catch (InterruptedException e) {
e.printStackTrace () ;

}
System.out.println("thread.isAlive());

TO Yy METOJi MaiN BUHUKHE ABOX CEKYHJHE OUiKyBaHHs 3aBEpIIEHHs MOTOKY threadl, i
TUIbKH MOTIM NMOYHETHCSI BAKOHAHHS BIAMOBIHOTO UKy for.

4.1.6. CunxpoHnizaiis

Kirouem 10 cunxpoHizanii € KOHIemNiist MOHITopa. MOHITOp — 1€ 00’€KT, SKHii
3aCTOCOBYEThCS SK B3aEMHO BHKIIouarode OnokyBanus (Mmutually exclusive lock —
mutex), ado mprotekc. Koiau moTik poOuTh 3amuT Ha OJIOKYBaHHS, TO KaXyTh, IO BiH
BXOJIMTh Y MOHITOp. Y CI 1HIILI MOTOKH, SIKI HAMAraroTbCs YBIUTH y 3a0JJ0KOBaHUU MOHITOD,
OyIyTh MPU3YNHUHEHI 10 TUX Iip, MOKK NEepIIMi HE BUIJIE 13 MOHITOPA.

CunxpoHnizallig y Java 3acHoBaHa Ha TOMY, 1110 00’ €KTH MalOTh BJIACHI, acOIIiOBaH1
13 HUMHU HEsBHI MOHITOpW. /[ 1bOro mOTpIOHO MPOCTO BKAa3aTH KIIOYOBE CIOBO
synchronized npu omuci merony. [1lo6 BuiiTu 13 MOHITOpa 1 mepegaTH KepyBaHHS
00’€KTOM IHILIOMY OYIKYIOUOMY MOTOKY, BIIACHHUK MOHITOpA MPOCTO Mepeae KepyBaHHS 13
CHUHXPOHI30BaHOTO METO/A.

PosrisitHemMo nmpukian, y AKOMY HPOJEMOHCTPOBAHO NPOOJIEMH, $IKI MOXKYTh
BUHMKATU MPU BIJICYTHOCTI CHHXpOHI3alii. ¥ kiaci Callme OnucaHud €IUHUA METOZ,
KU BUBOJUTH MapaMmeTp PsJIOK y KBaJpaTHUX AYKKaxX, MPUUOMY 3aKpUBaroya JyXKKa
BUBOUTHCS 13 CEKYHTHOIO 3aTPUMKOIO.

KouctpykTop kiacy Caller npuilMae nmocuiaHHs Ha 00 €KTH KiaciB String Ta
Callme, IKMMH 1HILIATI3YIOTHCS MOJIA 00’€KTa, Ta CTBOPIOE 1 3aIyCKAa€ HOBHM MOTIK Ta
BHUKJIMKA€ METOJ run () IbOTO MOTOKY. Y IIbOMY METO/Il BUKIIMKAETHCS MeToa call ()
BIAMOBIHOTO 00’ekTa Callme. Hapemti y MeToal main () CTBOPIOETHCS OJUH OO’ €KT
Callme, sSKUW NEPENAEThCA y SKOCTI MapaMeTpy KOHCTPYKTOpa TPhOX PI3HUX 00’ €KTIB
Caller pa3oM i3 BIAMOBIIHUM TMOBIJOMJICHHSIM.
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class Callme({
void call (String message) {
System.out.print ("[" + message);
try {
Thread.sleep(1000) ;
}
catch (InterruptedException e) {
System.out.println ("Interrupted");
}
finally {
System.out.println("]");

}
}

class Caller implements Runnable({
String message;
Callme target;
Thread t;

Caller (String message, Callme target) {
this.message = message;
this.target = target;
t = new Thread(this);
t.start () ;
}

public void run() {
target.call (message) ;
}

}
public class Sample {

public static void main(String[] args) {

Callme target = new Callme ()

Caller objl = new Caller ("Welcome", target);
Caller obj2 = new Caller("to synchronized",
Caller obj3 = new Caller ("world", target);
try {

objl.t.join();
obj2.t.join();
obj3.t.join ()
}
catch (InterruptedException e) {
System.out.println("Interrupted");
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Bugig nporpamMu Mae BUTIISIA

[Welcome[to synchronized[world]
]
]

VY mornepenHbOMY TPHKIAII TPU MOTOKUA 3MararoThCsl MK COOOI0 3a 3aBepIIICHHS
BHMKOHAHHSA MeToxa call () ODHOTO 1 TOrO CaMoro 06’€KTy Callme. Taka CI/ITyaHiH
Ha3uBaeThCs "'cranoM rouku” (race condition).

[Ipobyiema 1oB’s13aHa 13 TUM, 110 KUJIbKa 00’ €KTIB OJJHOYACHO BUKOPHUCTOBYIOTH TOMN
camuii Mmeton call () OZHOIO 1 TOrO caMOro o0’€Kra.

Jlis  BUTIpaBIIEHHS TOTNEPEIHBOI TPOTpaMH 3BHYAWHO MOKHa OyIllo 3ammycKaTh
MIOTOKH HACTYITHUM YHHOM:

Callme target = new Callme ()

try{
Caller objl = new Caller ("Welcome", target);
objl.t.join();
Caller obj2 = new Caller("to synchronized",

target);
obj2.t.join();
Caller obj3 = new Caller ("world", target);
obj3.t.join();
}
catch (InterruptedException e) {

}

Ane y Takuid crocid MM MPOCTO OYIKYEMO 3aBEPUIEHHS KOXKHOTO MOTOKY 1 CyMICHE
BUKOPUCTaHHS PECYPCIB BIJCYTHE.

Buxin 13 curyamii — cuuxponizayis metony call () OIIIXOM ONKCY HOTO 3
BHKOPHUCTAHHAM KJIFOYOBOIO ClI0Ba synchronized.

class Callme({
synchronized void call (String message) {

Lle 103BOJUTH YHUKHYTH JOCTYIY IHIIKX MOTOKIB /10 LOIO METOAY. Y LIbOMY BHMIAAKY
BUBIJ] TPOTPaMU Ma€ BUTJISI:

[Welcome]
[to synchronized]
[world]

K TIIBKU nOMIK 6X00UMb )y CUHXPOHIZ08AHUL MemOoO €K3eMIUTSIpa, KOIHUHN 1HIINAN
MOTIK He MoOJice BUKIMKATH 1IeW METon (s Toro camoro exsemruispa). lle mo3Boise
YHUKATH TOHKU TOTOKIB.

Omnepatop synchronized

CuHXpOHI3allld METOJIB y Kjacax He MOXke OyTH 3acTOCOBaHa, SIKIIO KJac He
nependoayae 6araTornoToOKOBOro JOCTYIy a00 OyB HAmMCaHUX CTOPOHHIM PO3POOHHUKOM,
JOCTYN A0 BUXITHOTO KOAY SKOrO BiICYTHIM. B Takux Bumagkax ajisi CHHXpOHI3AIlli
NOTPIOHO MOMICTUTH BUKJIIMK METO/IIB KJlacy y OJok synchronized.
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Omneparop synchronized Mae HacTynHy popmy:
synchronized (06’ exT) {
// omepaTopu, AK1 ONigngaramomTb CHMHXPOHIzamil

}

[le#t omepaTop rapaHTye Te, 110 BUKIUK METOAY O0’€KTa BIIOYIETHCS TOJI, KOJH
MOTIK YBiiifie Y MOHITOp 00’ €KTa.

PosrisiHeMo anbTepHATUBHY BEPCil0 MOMEPEIHBOTO MpuKIiIany. s cuHXpoHi3alil
J0CTaTHhO MOAM(IKYBaTH METO run () Kmacy Caller.

public void run() {

synchronized (target) {
target.call (message) ;

}
4.1.7. KomyHikauisi Mi’k IOTOKaMHu

VY Oarathox 3amauax OJIOKYBaHHS PECYpPCIB € HeJocTaTHIM. YacTo BHUMAaraeThcs
3a0€3Ne4YeHHs] MOKIIMBOCTI KOMYHIKallli Mi>K IOTOKaMHU.
BukopucTaHHS TMOTOKIB Jla€ 3MOTY YHUKHYTH ONHUTYBaHHS, SKE paHIIle BUKO-

PUCTOBYBAJIOCS ISl IEPEBIPKU BUKOHAHHS YMOB 1 OpraHi30BYBaJOCs Y BUTIISIII LIUKITY.

MexaHi3M MIDKIIOTOKOBUX KOMYHIKAIM Java peaiizoBaHul 3 BUKOPUCTAHHSIM

¢dbiHanbHUX MeTOMIB wait ( ), notify () Ta notifyAll( ) kiacy Object. L

METO/H € JAOCSXKHUMH B YCIX KJIacax, MOKYTh BUKJIMKATUCS JIUIIE Y CUHXPOHI30BAHOMY

KOHTEKCTI 1 MalOTh HACTYIMHI BJIAaCTUBOCTI:

e Meton wait () 3Myllye BUKIUKAIOUMN TMOTIK BIAAATH MOHITOP 1 MPU3YNMUHUTH BH-
KOHAHHS JI0 TUX TP, TOKU SIKUH-HEOYIb 1HIIHM MOTIK HE YBiiijie Y TOH caMuil MOHITOp
Ta HE BUKJIM4YE MeTog notify ().

e Meton notify () BiAHOBIIOE pOOOTY MOTOKY, SIKUM BUKJIMKAB METOA wait () Toro
caMoro o0’€eKTy.

e Meton notifyAll () BIAHOBIIOE POOOTY YCIX TMOTOKIB, SIKI BHUKJIUKAJIM METOJ
wait () Toro camoro o0’ekty. OJHOMY 3 IMOTOKIB HAJAETHCS JOCTYII 0 00’ €KTA.

HonaTtkoBi ¢popmu MeToay wait () JTO3BOJISIIOTH BKa3yBaTH Yac OYiKyBaHHS.
PosrasiueMo mpukiiag BUKOPUCTAHHSA METOAIB wait () Ta notify (). PosrimsHemo
3amauy 'mocTtavanbHUK/criokuBad". Hexail B mporpami BUKOPHUCTOBYIOTHCS KiIacH Q —
yepra, Producer — 00’€KT-TIOTIK, SKUH J0/Ia€ €IEeMEHTU N0 uepru, Consumer —
00’€KT MOTIK, KU BUOMPAE €JIEMEHTH 3 YEPTH.
PosrinsHeMo crmoyaTky NpUKIaa TporpamMu 0e3 BHKOPHUCTAHHS MiXK ITOTOKOBUX

KOMYHIKaIIiil.

class Of

int n;

synchronized int get () {
System.out.println(n + " is received");
return n;

}
synchronized void put (int n) {
this.n = n;
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System.out.println(n + " is put");

}

class Producer implements Runnable({
Q g
public Producer (Q q) {
this.g = qg;

new Thread(this, "Producer").start();
}
public void run () {

int 1 = 0;

while (true)
g.put (i++) ;
}
}
class Consumer implements Runnable {
Q gy
Consumer (Q qg) {
this.g = g;

new Thread(this, "Consumer") .start();
}
public void run() {
while (true)
g.get();

}
}
public class MyClass {
public static void main(String[] args) {
Q g = new Q();
Producer producer = new Producer (q):;
Consumer consumer = new Consumer (q) ;
System.out.println("Press Ctrl+C to stop");

He nuBnsymce He Te, mo MeToaM put () Ta get () CHHXPOHI3OBaHI, HaBeacHA
IporpamMa Mpairoe HEBIPHO, OCKUIBKU CIIOKHUBAa4 MOXE OTpUMATH TOM caMuid eeMeHT (Y
JAHOMY BHUIAJIKy — I[iJI€ YUCIO) KIJIbKA pa3iB, a MOMEpPEHI €JIEMEHTH — YOJHOIO pasy.
MoxiMBul pe3ysibTaT BUKOHAHHS [POTrPaMU HaBEACHUW HUKYE:

1 is put
is put
is received
is received
is put
is put
is received

WD NN
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[IpaBunbHUN CHOCIO HANMCaHHS MPOTPaMH MOJSIrae y TOMY, 100 BHKOPUCTATH
MeTroau wait () Tanotify () jIs mepeaadi MOBiOMIEHb B 000X HaNpsSIMKaXx.

class Qf
int n;
boolean valueSet = false;
synchronized int get () {
while (!valueSet)
try {
wait (),
}
catch (InterruptedException e) {
System.out.println("Interrupted");

}

System.out.println(n + " is received");
valueSet = false;
notify();

return n;
}
synchronized void put(int n) {
while (valueSet)
try {
wait (),
}
catch (InterruptedException e) {
System.out.println("Interrupted");
}
this.n = n;
valueSet = true;
System.out.println(n + " is put");
notify();

}

class Producer implements Runnable({
Q g;
public Producer (Q q) {
this.g = qg;

new Thread(this, "Producer").start();
}
public void run() {

int 1 = 0;

while (true)
g.put (i++) ;
}
}

class Consumer implements Runnable ({
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Q gy
Consumer (Q qg) {
this.g = qg;

new Thread(this, "Consumer").start();
}
public void run() {
while (true)
g.get();

}
}
public class MyClass {

public static void main(String[] args) {
Q g = new Q();
Producer producer = new Producer (q):;

’

Consumer consumer = new Consumer (J) ;
System.out.println ("Press Ctrl+C to stop");

Bcepenuni metony get () BUKIMKAaeTbes MeToa wait (). Lle npusynunse poboty
MOTOKA /10 TOKU 00’€KT Kilacy Producer NOBIJOMHTb MPO T€, IO JIaHI IPOYUTAHI.

Cxoxe (QyHKIIOHYBaHHS TMpOrpaMHd MOKHa 3a0e3nmeyuTd 0e3 BUKOPHUCTAHHS
MeToaIB wait () Tanotify ().

synchronized int get () {
1f (valuesSet) {
System.out.println(n + " is received");
valueSet = false;
}
valueSet = false;
return n;
}
synchronized void put () {
1f (!valueSet) {
this.n++;
valueSet = true;
System.out.println(n + " is put");
}

valueSet = true;
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4.2. Tloroxosa moxeab .NET Framework

[TorokoBa moxens .NET Framework mae 6araro ciJibHOTO i3 IOTOKOBOKO CHCTEMOIO
Java. [l migkmroueHHs 3aco0iB 0OpOOKM MOTOKIB MOTPIOHO BHKOPHUCTOBYBATH 3acO0OU
mpocTopy iMeH System.Threading. 3arpuMka BUKOHAaHHS MOTOYHOTO TMOTOKY Ha
3aJlaHy TPUBAIICTh peali30BaHa y BUTJISIII BUKJIIUKY CTATHYHOTO METOIY

Thread.Sleep(millisecondsTimeout)

PosrnssHeMo mpukiaa mporpamu, y ki y GOHOBOMY pEKHMi 3aIyCKaeThCs TOTIK, Y
SAKOMY BUKIIMKA€TbCsA MeToa ThreadProc (), y TUIl SKOTO y "BIYHOMY' HUKI 3HAYEHHS
3MIHHOiI S TIOCTIHHO 30uIbInyeThbcss Ha 1. PobOoTa mnporpamu 3akiHUYeThCS TICIS
HaTUCHEHHs Kiagimii "y" a6o "Y".

class Program
{
static double s = 0;
static void Main (string[] args)
{
Thread t = new Thread (ThreadProc) ;
t.IsBackground = true;
t.Start();
char c;
do
{
Console.Writeline ("Input any key to suspend
calculation");
Console.ReadKey () ;
t.Suspend() ;
Console.WriteLine ("Current value of s is {0}", s);
Console.WritelLine ("Exit? (Y/N)");
c = Convert.ToChar (Console.Read()) ;
t.Resume () ;
} while (c !'= "Y' && c !'= 'y');
}
public static void ThreadProc ()
{
for (; ;)
St++;

}

VY HacTynmHOMY NpHKIaAl MPOJEMOHCTPOBAHO IMapajelibHe BUKOHAHHA (OHOBUX
MOTOKIB Ta Nepeiaya NapamMeTpiB MPHU 3ayCKy MOTOKIB HA BUKOHAHHS.

class Program

{

static void Main(string[] args)

{
Thread tl = new Thread (ThreadProcl) ;
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tl.IsBackground = true;

tl.Start(7);

Thread t2 = new Thread (ThreadProc?2) ;
t2.IsBackground = true;

t2.Start (10);

Console.WritelLine ("Input any key to exit");
Console.ReadKey () ;

}

public static void ThreadProcl (Object param)
{
for (int 1 = 0; i < (int)param; i++)
{
Console.WriteLine ("Output from ThreadProcl");
Thread.Sleep (3000) ;
}

}
public static void ThreadProcZ (Object param)

{

for (int 1 = 0; 1 < (int)param; i++)

{

Console.WriteLine ("Output from ThreadProc2");
Thread.Sleep (1000) ;

}

4.2.1. KoHKypeHTHHIi 10CTyN Ta 0JIOKYBaHHS pecypciB

Jlns O65I0KyBaHHSI PECYpCiB BUKOPUCTOBYIOTHCSI OJIOKM Koy lock, BCEpeUHI SIKUX
PO3TaIIOBYIOTh TOM (parMeHT Kony, SKHMH Mae€ BUKOHYBATHCS IS KOXKHOTO TMOTOKY
OKpeMO. Y HACTyITHOMY MPUKJIA/l MOTOKU CIIbHO BUKOPHUCTOBYIOTh MACHB a.

static int[] a = {1,2,3,4,5};
static void Main(string[] args)

{

for (int 1 0; 1 < 5; i++)

{

Thread t = new Thread (new ThreadStart (ThreadProc)) ;
t.Name = "Thread " + i;
t.Start () ;

}

Console.WriteLine ("Main proc") ;

}

public static void ThreadProc ()

{
lock (a)

{
for (int 1 = 0; 1 < 5; i++)
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Console.WriteLine ("{0}; al{l}]={2}",

Thread.CurrentThread.Name, i, ali]);
Thread.Sleep (1000) ;

}

4.2.2. IToToKM 3 BUKOPHCTAHHSM JleJIeraTin

Jlenerati MOXYyTh TPALIOBATH y ACHHXPOHHOMY PEXKHMI, TOOTO BHUKOHYBAaTUCS Y

OoKpemMoMy TmoTori. Po3rissHeMo mpukian obuucineHHs (QyHKINT (hakTopial y OKpeMOMY
MOTOII:

public delegate void Factorial (int number) ;

static void CallBack (IAsyncResult asyncResult)
{

string s = (string)asyncResult.AsyncState;
Console.WriteLine ("Asynchronous method
finished\nParameter={0}", s);

}

static void Main(string[] args)

{
Factorial fact delegate = new Factorial (ShowFactorial);
IAsyncResult result = fact delegate.BeginInvoke (10, CallBack,

"message") ;
Console.WriteLine ("Press any key:");

Console.Readline () ;

}

public static void ShowFactorial (int number)
{
int fact = 1;
for (int i =

{

2; 1 < number; 1++)

fact *= i;
Thread.Sleep (500) ;
}

Console.WritelLine ("Result from thread: {0}", fact);
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