JIBH3 "VYkropoacekuii HalliloOHaJIbHUM YHIBEpCUTET"
®daxynpTeT 1HPOPMAIIITHIX TEXHOJIOT1H

Kadenpa inpopmariiiHux yrnpapissrOuux CUCTEM Ta TEXHOJIOT1H

B. M. KonoBcbKkuid

Teopis napaJjieJibHUX 004K CJICHb

KoHncnekr Jexkuii

VYxkropon — 2016



3MicT

1. TTOHATTA ITPO ITAPAJIEJIBHI TA PO3ITOAIIEHI OBUNCIIEHHS ... 4
1.1. TlocnimoBH1 00UUCICHHS (S€rial COMPULING) tuvvvvvrrrrrrrruririuresrunrrsrnsrnrnerrrrrrrrernrerrrrr——. 4
1.2. Tlapanenpni oouncieHHs (Parallel ComMpPULING): ....vvvvri e 5
1.3. 3acobu 1 3AIHCHEHHS HAPATICTBHIX OOUMCIICHD ....uuuvvvrrrrrereeeeesessssssssssssssssssessssesssssssnsssssssssereeseeeens 8
1.4, T1apATICITBHT KOMIT FOTEPH 1vvrrtteeeesssssssussssssssessessssessssssnsssssssssssessssessssssnmsssssssssssessseesessnmnsssssssmeerreeeeen 9
1.5. AKTyaJabHICTh BUKOPUCTAHHS MAPATICITBHUX OOUMCIICHD ...vvvvvvrrrrrreseeesssssssssusssssssereanssessssssssnnssssssesens 14
1.6. IlepcneKTUBU BUKOPUCTAHHS MAPATCTBHUX OOUMCIICHD ..vvvvrrrrrrrrrrseeesssssssnssssssssereeesssesssssssnnssssssseeens 20
1.7. Cdepu 3acTOCYBaHHS MAPATICITBHUX OOUHCIICHD ..eeeeessiiisesstrrsreeeeesseeeesssssassssssssssessesessesessssnnnnssssssneees 22
1.8. PiBHI POBHAPATICITIOBAHHST +.vvvvvrreeeesssssssssssssssssssssssesesssssnnasssssssssssseseeeesesssanmsssssssseerreereeeennnnnnnn 25

2. TTAPAJIEJIbHI OBUNCIIIOBAJIBHI CUCTEMUU .......c.cvviiiiiiiiiiiic it 31
2.1. Criocobu 00poOKU TAHUX B OOUUCITIOBATBHUX CHCTEMAX .uvuvvrvvrrrrrresseeessssssssssssssseeeessssesssssnnnsssssssseees 31

2.1.1. TIOCHITTOBHA OOPOOKA JAHIIX evvttreeesssssssusssssssseessssssesssssnnsssssssssssssesessssssnnnsssssssssssseeeeeeessssnnmssssnsneees 31
2.1.2. KOHBEEPHA OOPOOKA JTAHIX 1vvvvrrreeesssssssusssssssessssseeessssssnssssssssssssesessssssssnnssssssssssseeseeeeesssnnnsssnnmmeees 33
2.2. XapaKTEPUCTUKU CUCTEM (PYHKIIIOHATBHUX TIPHCTPOTB ...uuuvvvrrrrrrerrreeeeesssssssssssssnereeessssessssssnssssssssseens 39
2.3. Knacudikariis napageabHUX OOUNCTIOBATTBHIX CHCTEM.....uuuurrrrreerrerseeesssssnssssssssseeeessseessssnmnssmsssmneees 50
2.3.1. KIaCHMIKAITIST DITIHHA. ...uvvvrrerieeeeeesssiissuussssseeeeeseeeessssssssssssssseeesseaaesssssmnnssssssssseereeeeeeeensnnnnnnn 50
2.3.2. KIACHMIKAITIT DEHTA ...vvvvvrreiiiiieeeessiiiiiitittssseeeeteeeessssssssssssssseeeeeaaeesessssanssssssssseeeaeaeesesssssnssssnnsneees 54
2.4, GRID T METAKOMIT FOTHHT ..vvvvvtttttsseessssssssssssssesesssssssssssssassssssssesssesssssssssnnmssssssssseeeeeeeeessnnnnnmnmmmmmee 56

3. OCHOBHI IOHATTS TEOPII ITAPAJIEJIBHUX OBUMCIIEHD .......c.covcvviviieieceesecees e, 60
3.1 TPAM QIITOPHTMY ..eeiiiiiieieiiiiiiiit ettt e e e ettt e et e e e e e e e e s s e s bbb b bbb e et e e e e e e e eeessaasnbbbbbbbbeeeaaaeeeeeenannnnns 60
3.2. KoHIenIiss HEOOMEKEHOTO ITAPATICITIBMY ....uuurrrrrrrrererrseeesssssaasssssssssseseeseeesssssamnsssssssnerereeeeeesssnannnnns 63

3.2.1. OOYHUCTCHHS JOOYTKY CIIEMEHTIB MACHBY ...uvvttrrrrrrersseessssssssssssssssssseessssssssssnmmssssssssseereeeeeennnnnnnnnn 65
3.2.2. OO0YHUCTCHHS JOOYTKY MATPHUIIL HA BEKTOP :.vvrrrrrrrrrrerseeessssssssssssssssseeessesessssnmmsssssssmmeereemeeeennnnnnnn 68

3.2.3. Hemoniku KOHIEMIIT HEOOMEKEHOTO TAPATICITIZMY ..eeeeeesiisssrsrrnnrerrreeseeeesssssssssssssssssereeseeeessssnnnnnes 69



3.3. BHYTPIIIHIT TTAPATIEITIBM ...uvittttitriereseesesssssssssssssssssssseessasssssssssssssssssseeseasaesssssssnsssssssssssseeeeseeesssnnnnnns 70

3.3.1. ITapanenizM y aITOPUTMI MHOMKEHHS MATPHIIB .. ..eiieeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnnnns 71
3.3.2. IlapanenizM y airOpUTMI pO3B’SI3yBaHHS CUCTEMH JIIHIMHUX aIr€OpaidHUX PIBHSAHD .........cceennn, 74

4. TIPOTPAMYBAHHS 3 BUKOPUCTAHHSAM ITOTOKIB.........cooiiiiiieiiieee i 79
4.1. TIOTOKOBA MOJIEITD ¥ JAVA ...iiiiiuiiiiiiiiiiiiiiee e e e s s sssstbttts et et e e e e e e e s s s s e e e e et e e e e e e e e s s asnbbb bbb aeeeeeaaaeeeessnnnnnns 80

A I 3715 0:q 0 10) £ 211 1 PR 82
4.1.2. Knac Thread ta inTepdeiic RUNNADIE.............oveii e 83
4.1.3. TOJTOBHII TTOTIK tvvvvtteeesssssisssssssssessssssssssssssansssssssssessesassessssssnssssssssssesessssssssssssnsssssssssssseeeeeeeesssnnnses 84
4.1.4. Peamizanis iHTepdericy RUNNADIE ... 87
4.1.5. CtBOpeHHS HAIAAKIB KITACY TNIEAU ...oeviiiiiiiiiiiie et e et e e e s rre e e e e e 90
4.1.6. Buxopuctanus MeTOMIB ISANIVE() Ta JOIN() .vvvvieee i 94

i R @37 1504 010) ¢ 1211 1L TP 95
4.1.8. OmepaTop SYNCNIONIZEA .......ooiiiiiiei ettt e e e st e e st e e e e s ab e e e e e anbreeeeaneneens 102
4.1.9. KOMYHIKAITIST MIMK TIOTOKAMIY ...vvvveereeeseesssssssssnssssssssssssssesssssanssssssssssssssssessssanmsssssssmsseeeeeeeeesnnnnnnns 103
4.2. TIoTOKOBA MOJEID .NET FrAMEBWOIK ....eeeeeiieeeee ettt ettt et et e e et e e e e e e e e e e eas 113
4.2.1. KOHKYpEHTHUMN JOCTYIT Ta OJIOKYBAHHS PECYPCIB vevvrrreeessiiisrrrrrnrrrrrteeaeeesssssssssssssserseesseessssnnnnnnns 117
4.2.2. TIOTOKH 3 BUKOPHUCTAHHIM JICIIETATIB ..eiiiuuvurrtrrreeeeseseessssssssssssssssessssssessssssnssssssssssseeseeeessssnnnnnns 118
PEKOMEHJIOBAHA JIITEPATYPA ... ittt ettt e e e e e e e e s s s s en e e e e e eaeeas 121



1. HOHATTA ITPO ITAPAJIEJIBHI TA PO3INOAIVIEHI OBYUC/JTEHHSA
1.1. HocainoBHi o0uucaeHns (Serial Computing)

VY nporieci po3poOKH Ta BUKOPUCTAaHHS MporpaMHoro 3adesnedeHus (I113) nna nocrnioosnux obuucnens
(serial computation):
e 3ajaya po30MBAETHCS HA TUCKPETHY MOCIIOBHICTh IHCTPYKIIIM (OrepaTopiB).
o [HCTpyKIIT BUKOHYIOTHCS TTOCIOBHO OJTHA 32 OJTHOIO.
e Ko nporpamMu BUKOHY€EThCS Ha €TMHOMY Iiporiecopi (Single processor).
¢ B K0XXHUI MOMEHT Yacy MO>K€ BUKOHYBATHUCS TIJIbKU OJIHA IHCTPYKIIIS.

Cxema mociaiIoBHUX 00YHCIICHb HaBeJieHa Ha puc. 1.

problem

instructions

Puc. 1. Cxema mociitoBHUX OOYUCIIEHD



Ilpuknan. Po3risgHemMo mnpouenypy HapaxyBaHHs 3apoOiTHOI IUIaTH MpPalliBHUKIB MIANPUEMCTBA 3

BUKOPUCTAHHAM IOCJI1IOBHOTO MiAXoay. BiamoBigHa cxema HaBeJieHa Ha puc. 2.

do_payroll()

P —

instructions

—»  processor

emp3d_deduc
empd_rate

emp2_check
emp2_deduc
emp1_check
emp1_deduc

empi_rate

-
IE|

o

e
E

@

emp2_hrs

empi_hrs

-
=
>3
Y]
-
-y

Puc. 2. Cxema 004uUCIIEHHS 3apIUiaT

1.2. Hapaneanni oouncaenns (Parallel Computing):

llapanenvui obyucnienns — OJIHOYACHE BHKOPUCTAHHA KUIbKOX pecypciB EOM st po3B’s3yBaHHS

OOYHMCITIOBAIBPHUX 34144

e 3anaya po30MBAETHCA HA M1J13a7a4l, IKI MOKYTh BUKOHYBATHCS y OJIMH 1 TOM CaMUii MOMEHT 4acy.

e KoskHa mig3amada B CBOIO Yepry po30MBAETHCS HA MOCIIIOBHICTh IHCTPYKIIIM.



e [HCTpyKIIIi KOXKHOI MiJ[3a4a4l BUKOHYIOTBCSI OJJHOYACHO Ha P13HUX MPOIIECOpax.
e VY mporieci 00YMCIeHb BUKOPHUCTOBYETHCS 3arajibHUN MEXaH13M KOHTPOJIIO-KOOPAMHAIII].
Cxema napajieibHUX 004MCIIEHb HaBeJAEHA Ha pucC. 3.
OOuucmoBalIbHA 3a7]a4a MAE:
e JlomyckaTu po3OMTTS Ha HE3AJICXKHI IIi/13ajadl, SKI MOXXHAa BHUKOHYBaTH OJHOYACHO (JOIMyCKaTu
napasnesnizm).
e 3 BUKOPUCTAHHSIM YHUCICHHUX OOYMCIIIOBAIILHUX PECYPCIB PO3B’SI3yBATUCS 32 KOPOTIIMI MPOMIKOK 4acy,
HI’K 3 BUKOPUCTAHHSM OJTHOTO Mpoliecopa.
llapanenizm — 11e CyKyIHICTh MAaTEMAaTUYHUX, AITOPUTMIYHMX, IPOrPaMHMX 1 arapaTHUX 3ac001B, 110
320€3MeUyI0Th MOKJIMBICTh NTapajIeIbHOTO BUKOHAHHS 3a/1a4i.
[lin TUMOBUMHU OOYMCIIOBAJIbBHUMH pECypcaMu, SKI BHUKOPUCTOBYIOTH Yy IIpolleci mapajelbHUX
O0YHUCIIEHb, PO3YMIIOTh:
e OauH KOMIT'IOTEP 3 KIJIbKOMa MPOLIECOPAMHU.

e J[0BUIbHY KUIBKICTh KOMII FOTEPIB 3’ €IHAHUX Y MEPEKY.



problem instructions

—»

N 13 2 1

Puc. 3. Cxema mapanenbHUX 00YHCIICHb

Ilpuknan. Po3risgHemMo mnpouenypy HapaxyBaHHsS 3apoOITHOI IUIaTH MpPalliBHUKIB MIANPUEMCTBA 3

BUKOPUCTAHHAM MOCJIIOBHOTO MiaAXoay. BiamoBigHa cxema HaBeJieHa Ha puc. 4.



problem instructions

chN

nstruc?
ch
ch

do_payroll{emp1)

nstr
nstr
instruc2

instruci

cr
ch
ch

do_payroll{emp2)

nstr

nstr

nstr
instruc2

instruci

e
o
=

=
&h

1=

cr
chb
ch

do_payroll{emp3)

nstr

nstr

nstr
instruc2

=
]
=]
-
w
=

do_payroll{empN)

instruc2
instruci

)

Puc. 4. Cxema napanenbHOro oOUrCIeHHS 3apIuiaTh

1.3. 3aco6u nJis 3aiiicHeHHSI MapaJjieIbHUX 009 C/IeHb

3aco0u, sIKi Iat0Th 3MOTY BTUIMTH NapaJurMy napaieiizmMy, MOKHa KJIacu(iKyBaTH HACTYITHUM YUHOM:
® amaparTHi

O 3aco0u 15l TPOBEICHHS O0UYUCIICHD (00OYMCITIOBAIbHA TEXHIKA)



- 00uMCIIOBAJIbHA TEXHIKA, 310paHa 3 CTAH/IAPTHUX KOMIUIEKTYIOUYHX;
oOuKCIIIOBaJIbHA TEXHIKA, 310paHa 3 CreliaJbHUX KOMIUICKTYIOUHUX;
O 3aco0u Bizyasi3allii;
O 3aco0u Jiy1si 30epiraHHs 1 0OpoOKHU JaHUX;
IporpamMHi
O TpOrpaMHi 3acOo0M 3arajlbHOTO MPU3HAYCHHS (OmepaliiHi CUCTEMH, CTaHJIAapTH1 O107I10T€KH, MOBHU
porpamMyBaHHs, KOMITUIATOPH, ITpodaitnepu, Aedarepu 1 T.11.);
o cHeuianbHi nporpamui 3acoou: 6iomiorexku (PVM, MPI); 3acobu 06’ennanns pecypciB (Dynamite,

Globus Tta iammi).
1.4. TlapaJjiesibHI KOMII'IOTEPH

llapanenvri komn r1omepu NOAIIAIOTHCS HA:

CydacHi aBTOHOMHI KOMIT F0TepH. BOHU € mapaieabHUMM 3 TOUKH 30pY iX BHYTPIIIHbOI Oy JOBHU:

o HasBHicTh unciieHHHX (yHKIIOHAIbHMX MoayaiB (L1-kem, L2-ker, npucTpoi monepemKyBalbHOIO
BruOopy komany (prefetch), decode, floating-point, rpadiuni nponecopu (GPU), Moy mis mioi ta
AificHOT apuMETHKH 1 T.]1.)

o bararosaepnicTs un 6araTonpouecopHicts (Multiple execution units/cores).


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/

o ITlinTpumka Bukopuctanus motokis (Multiple hardware threads)

bynosa obuncmroBansHOro winy IBM BG/Q 3 18 sapamu (PU) ta 16 kem-momyasmu 2-ro piBas (L2)

Puc. 5. O0uucmoBansauii uin IBM BG/Q

10



e KitacTepu, K1 CKIagar0THCS 13 KUIBKOX POOOUYMX CTAHIIHN, 3’ €JHAHUX MEPEKEIO (IUB pHUC. 0).
2

NETWORK

Puc. 6. Cxema knacrepa

Hanpukian, Ha puc. 7 HaBEAECHO CXE€MYy THIIOBOTO KjacTepa s MapajieIbHUX OOYHCIICHb, SKI
BukopuctoBytoThcs B LLNL (Lawrence Livermore National Laboratory). Bnactusocri:

KoxxHuit 004uciroBaIbHUN BYy30J1 caM € 0araTonpoiecoOpHUM KOMIT FOTEPOM.

By3mu knactepa 3’ennani y Infiniband mepexy.

Knacrep MicTuTh 0araTONpOLIECOPHI BY3JIM CHEIIAIBHOINO MPU3HAYEHHS, SKI HE BUKOPUCTOBYIOTHCS

U1 OOYUCIIEHD

11
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compute node =
=== compu || login / remote partition server node
e infiniband switch
= ateway node
| =TT mﬂnagement hardware | 9

Puc. 7. Cxema 6ynosu knactepa LLNL

Jlani ipo HAKOUIBIII y CBITI TapaJiebHI KOMIT I0TepH (CYIIepKOMIT IOTEPH), IIEPEBaKHA OUIBIINICTD SIKUX

€ KJIacTepaMu, HaBeJieHo Ha puc. 8 (pkepeno — cait 10p500.0rQ).

12
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Vendors System Share

B =P

B M

Bl Cray Inc.
B sGl

M Bull

M Dell

W Fujitsu
B NUDT
M RSC Group
B Atipa

B Others

Vendors Performance Share

Gl

M 1BM

Bl Cray Inc.
B sGl

B sull

W Dell

W Fujitsu
B NUDT
M RSC Group
B Atipa

B Others

VENDORS

HP

IBM

Cray Inc.
SaGl

Bull

Dell

Fujitsu
NUDT
RSC Group
Atipa

NEC
MEGWARE
T-Platforms
ltautec
Hitachi
Oracle
Self-made
ClusterVision
Dawning
NEC/HP
Acer Group

PEZY Computing / Exascaler Inc.

HP/WIPRO

Inspur

Niagara Computers, Supermicro
Clustervision/Supermicro
AMD, ASUS, FIAS, GSI
Xenon Systems

Netwebh Technologies
IPE, Nvidia, Tyan

Adtech

Intel

NRCPCET

Supermicro
Hitachi/Fujitsu

Puc. 8. Punok cynepkomin 1oTepiB

COUNT

179
153
62

]
w

- ek ok wdh wh ek mh e eh ek mh wd wh ek mh wd DN DNDN NDNNWWW S OO

SYSTEM SHARE (%)

358
306
124
46
36
1.8
16
1
0.8
0.6
0.6
0.6
0.4
04
0.4
04
0.4
04
0.4
0.2
0.2
02
0.2
0.2
0.2
02
0.2
0.2
0.2
02
0.2
0.2
0.2
02
0.2
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1.5. AKTYaJIbHICTh BUKOPUCTAHHS MAPaJIeJIbHUX 00UHCJICHD

BaxxiauBiCTh JOCHIDKEHHS Ta BHUKOPHUCTAHHS MapaleIbHUX OOYHMCICHb 3yMOBJICHA HACTYIHUMH
IPUYNHAMU:

a) Asuwa y peanvnomy ceimi siodysaromocs napanenvro (The Real World is Massively Parallel).

ToMy mapanenbHl OOYHMCICHHS € 3HAa4YHO OUIbII NPUJATHUMHU JJI1 MOJCIIOBAaHHS CKJIAJIHUX
B3a€MOIIOB’ I3aHUX 00’ €KTIB, SIBUIL, CUCTEM Ta IPOIECIB MOPIBHSIHO 13 MOCI1IOBHUMH OOYHMCIICHHSIMU.

[Tpukiaau AeaKuX TakKux 00’ €KTIB HABEJCH1 Ha puc. 9.

Climate Change

14



Sexits 169B - A

| @

i Springfield

ﬁ‘-‘ Franconia |
T /2 MILE }

Auto Assembly Jet Construction Drive-thru Lunch
Puc. 9. CxnaaHi npoiiecu, MOACIIOBAaHHS SIKMX BUMAarae 3aCTOCYBaHHS MapalieIbHUX O0YHCIICHb

0) ExoHOMIst yacy Ta rpomiei:
BUKOPUCTAHHSI 3HAYHUX OOYHMCIIOBAIIBHUX PECYpCiB MOKE MNPUIIBUAIIMTH MPOLEC 3HAXOIKEHHS
pPO3B’SI3KIB  CKJIQJHUX 3aJa4, MPUYOMY BHUrpall BiJ OINEPATUBHOCTI YacTO TIEPEBUIIYE BapTICTh

BUKOPHUCTAHHS I0JJATKOBUX PECYPCIB

15



Puc. 10. ExoHOMi4HU ePeKT BiJl BAKOPUCTAHHS MapasieIbHUX O0UYHCIICHb

B) [TapanenbHl KOMII IOTEPU MOXKYTh OyTH MOOY10BaHI 13 JEMIEBUX 3pYYHUX KOMIIOHEHTIB.

) MOXXJIMBICTh 3HAXOKEHHS PO3B’S3KIB CKJIAJHUX MPAKTUYHUX Ta TEOPETUUHMX 3a]1ay:

JloOpe BioMoOro, 1o 0araTto MpakTUYHO BaXKJIMBHUX 3aJlad MAKOTh HACTUILKH BEJIMKY PO3MIPHICTb, IO
MPAKTUYHO HEPEATbHO 1X PO3B’A3aTH Ha OJHOMY MEPCOHAIBHOMY KOMI IOTEPl, OCOOJIMUBO 13 OOMEKEHOIO
nam’ ATTIO.

[Mpuknagom  Takux  3agad € 3amadi i3 mepemiky  "Grand  Challenge  Problems”

(en.wikipedia.org/wiki/Grand_Challenge), saxi Bumaraiote Burkopuctanus PetaFLOPS 1 PetaBytes

KOMIT IOTEPHUX PECYPCIB.

16


http://en.wikipedia.org/wiki/Grand_Challenge

Puc. 11. Jleski cknaaHi 3aga4i 61010T11 Ta aCTpOHOMIT

[Ie omun npukiam: Web-nomykoBUKH, SKi BUKOHYIOTh MUIBHOHW TpaH3aKIlid IIOCEKYHIU, Ta 3ajaadi
nporro3y norojau. O6aacte po3B’s3Ky (aTMocdepa) po30MBAETHCS Ha OKpPEMI IMPOCTOPOBI 30HU, NMIPUUOMY
IUIS PO3B’SI3KY YAaCOBUX 3MIH OOYMCIIEHb B KOXXHIA 30HI MOBTOPHOETHCSA Oarato pasiB. Ko o0’emM 30HU

°, T0 11 MojenmoBanHs 10 kM mapy armocdepu HeooxixHo 5x10° Takux 30m. IIpumycTuMo, o

piBHUM 1 KM

0o0YMCIIeHHS B KOXHiM 30H1 BuMmarae 200 omeparliii 3 miaBarO4orw Kparkoro, TOMAl 3a OJWH YaCOBHUM KPOK
: ll (K]

HEeOoOX11HO BHKOHaTH 107 omepaliiii 3 IJIaBarOuoOK Kparkor. s Toro, mo0 IPOBECTH PO3PaXyHOK

NpOrHo3y noroju 3 nependadyeHHsM Ha 10 qHiB 3 10-Tv XBUIMHHUM KpokoM B yaci, EOM npoyKTHUBHICTIO

17



100 Mflops (10° omepauiii 3 mIaBarO40I0 KPAMKOIO 3a CeKyHIy) HeoOximno 107 cexynn un monax 100 mHiB.
Jl1s1 Toro, 100 nmpoBecTH po3paxyHok 3a 10 xB, HeoOximHa EOM npoaykruBHicTIO 1.7 Tflops.

1) 3abe3nedeHHs 0THOYaCHOCTI OaraThbox iit (concurrency).

Hanpuknaa, KoprnopaTUBHI MEpexi Jal0Th MOXJIUBICTH OJHOYACHO BHKOHYBAaTH pPoOOTYy OaraTboM

IpalfiBHUKaM.

Puc. 12. 3abe3nedyeHHs 0JJHOYACHOI poOOTH

¢) BukopuctanHs ri100abHUX PECYPCIB:
Bukopucranas pecypciB LAN a6o Internet ¥V Bumanky, Koiau JOKaJibHI OOYMCIIOBAJIBHI peCcypcu

HEIOCTATHI.

18



Hampuknan, SETI@home (setiathome.berkeley.edu) BukopucroBye nonana 1,5 MiJIbIHOHIB KOPUCTyBadiB

13 YChOTO CBITY.

@ SETIWhome
‘! The Seamsh for Extratefp@strial Intelligencs

&

Puc. 13. BukopuctanHs HeJIOKaJIbHUX PECYPCiB

€) Kpaiile BUKOpHCTaHHS MTapajieIbHOTO anapaTHOTro 3a0€3MEUCHHS:
Cyuacni I[IEOM Ta rajgkeTd MarTh NapajeibHy OaraTosijiepHy apxitektypy. Ilapanensne 113 3HauHO
Kpallle BUKOPUCTOBYE MOKJIMBOCTI IHUX MPUCTPOIB y 3B 43Ky 13 BpaxyBaHHSAM 0araTOMOTOKOBOCTI Ta

OaraTosiIEpPHOCTI, HIXK MPOrpamMu, po3po0JIeHi Y MekKax «IIOCHIJOBHOTO MIAXOIY».

19
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Puc. 14. IIponecop Intel Xeon 3 6 ssapamu ta 6 Moaysmu L3-kera.

1.6. IlepcieKTUBH BUKOPHUCTAHHSA NMapaJjieJIbHUX 00YNCIEHb

3rigHO A0 MPOTHO3iB, HaBeneHUX y [1], Tpena ocrannix 20 poKiB, KU TMOJSITAa€ Y BUKOPHUCTaHHI
MIBUJIKUX MEPEX, 0araTomponecCOpHUX apXITEKTyp Ta PO3NOAUICHUX apPXITEKTYp, SICHO BKAa3y€e Ha Te, IO
MAUOYMHE 8 MEXHOIO2IAX KOMN TOMEPHUX 00UUCTIeHb 3a NAPAIeNiZMOM.

Ha puc. 15 mMoxHa mepeKkoHaTUCs, L0 3a LEd Meploj CHOCTEPIraeThbCs 3POCTAHHS MPOAYKTUBHOCTI

cynepkomit 1otepiB noHas y 500000 pa3ziB. € cnoaiBaHHs, 0 NPOLEC 3POCTaHHS MPOAYKTUBHOCTI HE OyJie
20



3HAYHO CIOBLIBHATHCS Y MaliOyTHROMY. 3apa3 MoBa e npo Exascale-oouncnenns (Exascale Computing),

ne Exaflop = 10" oGunciens y cexyHuny.

Performance Development

10 EFlop/s
1 EFlop/s
100 PFlop/s
10 PFlop/s g at
1 PFlop/s o® Ak A
100 TFlop/s

10 TFlop/s °® id wt

Performance

1 TFlop/s ® ad as -
100 GFlop/s | ="

10 GFlop/s 58

1 GFlop/s |—w™

TI
100 MFlop/s
1994 1996 1993 2000 2002 2004 2006 2008 2010 2012 2014

Lists

B sum W# #5500

Puc. 15. 3pocTanHs MpOAYKTHBHOCTI CynepKoMIT toTepiB (3a qanumu 10p500.0rq).
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1.7. Cdepu 3acTocyBaHHA NapajieJbHUX 00YNCIECHb

a) Hayka Ta iHxkeHepis:

[cTopruHO, mapalniesbHi OOYMCIICHHSI PO3TIAIaiucs K 3aci0 Uil MOJICIOBaHHS CKJIaJHUX SIBUII Ta
PO3B’sI3yBaHHs PI3HOMAHITHUX TPOMI3AKUX HAYKOBUX Ta 1H)KCHEPHUX 33J1a4 Y TaKUX Tany3sax (AuB. puc. 16):

® HayKH PO MPUPOIY — MOJEIIOBAHHS aTMOC(EPHUX SBUII, JOCIIKCHHS 3a0pyAHEHHS OTOYYHOUYOTO
CepeJIOBHINIA, 3a/1a4i I'€0JI0T1i Ta CEMCMOIIOTI;

e (p13uka, acTpoHOMIS Ta 1HXKEHEPIsT — PO3B’SI3YBaHHS 3a7ay MPHUKIATHOI Ta SAECPHOI PI13UKH, E€JIEKTPO-
TEeXHIKH, PI3UKHU €JIEMEHTAPHUX YaCTHHOK, MaT€p1aIO3HABCTBA, HAHOTEXHOJIOT1M, MIKPOCJIEKTPOHIKH;

e OioJIOTis, XiMisd Ta MeIMIIMHA — JOCHAIKCHHS Yy Taly3saX O10TeXHOJIOT M, T'€HETHUKH, €KOJOTii,
NOMyJIALINHOI 010J10T11, BipycoJIOrii, apMaKoaorii Ta MOJEKYJISPHOT X1Mii;

® MaremaTHKa Ta KOMII IOT€pPHI HAYKH.
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Puc. 16. Cdepu 3acTocyBaHHS napajebHIX 00YNCICHb

0) InaycTpis Ta KOMepIis.

Y Ham yac I1HAYCTpilaJdbHI Ta KOMEpIIIHI 3aCTOCYBaHHS € OCHOBHUM JIPAallBEPOM PO3BUTKY
iHpopmarniitHuX TexHoJsorik. [lapanenbHi 00YMCICHHS BUKOPUCTOBYIOTHCS IIPU PO3B’sA3yBaHHI 3a7a4 (JUB.
puc. 17):

® PO3BIyBaHHS KOPUCHUX KOIAJIMH;
¢ (HiHAHCOBOIO Ta EKOHOMIYHOTO MOJIEJIFOBAHHS;

e 00poOku Benukux bJI, Big Data, Data Mining;
23



Web-nomyk, web-toprisis;

OO0poOka MeIUUYHMX 300paKeHb Ta J1arHO3YBaHHS;
O6poOka rpadiku, MyJIbTUME/I1a Ta BIpTyalbHa PEabHICTh;
MeperkeBa criiBopars;

BilickkoBa cripaBa, po3poOka 30poi.

Puc. 17. Cdepu 3acTocyBaHHS MapaneaIbHUX OOUUCIICHbD.
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1.8. PiBHIi po3napaJie/ilOBaHHS

Kiacugikamiss mnapaneabHOCTI 3a PIiBHSAMH, M0 BIJIPIZHAKOTHCS IMOKAa3HUKAMHM aOCTPAKTHOCTI
po3mapaletoBaHHs 3a7a4, HaBeAeHa B Ta0O.1. Yum "rnubimie" piBeHb, SIKUM Ma€ O3HAKU MapayiesIbHOCTI,
TUM JICTAJIBHIIIUM OyJie po3MapalieltoBaHHs, 1110 CTOCYEThCA €JIEMEHTIB MporpamMu (IHCTPYKILis,, €IE€MEHTH

IHCTPYKIIIi TOI10). UM BUIIE PO3MIIIEHO PIBEHb a0CTpaKIlii, TUM OLIbII OJIOKM Ma€ MapayiesibHICTh.

Tabnurs 1. PiBHI mapaneabHOCTI

PiBHi 00’exT 00pOOKM Ipukaaa cucremu
[Iporpamuuii PoGota/3anaua MynbTuzagauna OC
[Tpouenypuuii [Tporec MIMD-cucrema

PiBens hopmyn [HCTpYKITIA SIMD-cuctema
biT-piBeHb B mexax iHcTpykiii | MammnHa ¢on Helimana

KoxxHuil piBeHb Ma€ pI3HI AacleKTH MapalieibHOoi 00poOku. MeToau 1 KOHCTPYKTHMBHM PIBHS

OOMEXYIOThCS TUIBKM CAMHUM PIBHEM 1 HE MOXXYTh OYyTH MOIIMPEHI Ha 1HIIN piBHI. HalOumpmmii iHTEepec
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CTAaHOBUTH PIBEHb MpPOULEAYP (BEIMKOOJIOKOBA, ACUHXPOHHA MapayieNIbHICTh) Ta PIBEHb apuU(PMETHUUHHUX
BHUpa3iB (MajgoeJeMEHTHA, JieTalbHa a00 MaCMBHA CUHXPOHHA IapaJieIbHICTb).

IIporpamuuii piBeHb

Ha npomy HaWBUIIOMY PIBHIO OJHOYACHO (200 MpHHAWMHI PO3MOJIIEHO 3a 4acOM) BHUKOHYIOTHCS
KOMIUIEKTHI mporpamu (puc. 18). MaruHa, 1110 BUKOHYE Il MPOTpaMU, He NOBUHHA OYMuU NapanieibHO
EOM, nocuth TOrO, IO B HIM HasgBHA Oarato3ajayHa OlepalliiHa cucTtema (HaIlpuKiIal, peaiai3oBaHa K
CUCTEMA pOo3no0ileHo20 uyacy). B 1 cucTeMi KOKHOMY KOPHUCTYBaye€Bl BIJIMOBIIHO /10 HOTO MPIOPUTETY
naanysanvuuk (Scheduler) Bumiase Biapi3oK MPOICCOPHOrO Yacy pizHoOI TpuBayiocTi. KopucTyBau oaepxye
peCypcH HEHTPATBHOTO MPOIIECOPHOTO OJIOKY TIIBKH BIPOJOBXK KOPOTKOTO Yacy, a MOTIM CTa€ B 4epry Ha
00CITyTOBYBaHHSI.

Y Tomy Bunaaxky, koiu B EOM HegocTaTHs KUIBKICTh IPOIECOPIB JJIS BCIX KOpHUCTyBadiB (abo
IPOIIECiB), 110, K MPABUJIO, HAMOLIbII IMOBIPHO, B CUCTEMI MOJICIIOETHCS MapajielibHe O0CIyrOBYBaHHS

KOPUCTYBAYIB 3a JIOMIOMOTOI0 "KBa3inapaielbHuX" MpoIIeCIB.
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Hacori 1HTEpEATH

EOM = pozmopinmoMm 4gacy
[TpiopuTeTH Ta AMropHUTMH

Kopucrysadi POSTONLTY

Puc. 18. [lapanenbHiCTh Ha MPOrPpaMHOMY PiBHI

PiBensb nmpoueayp

Ha upoMy piBHI pi3HI YaCTUHU OAHIEL 1 TI€I caMOi MporpaMu MarOTh BUKOHYBAaTHCA MapaienbHo. Lli
JaCTMHM Ha3MBalOThCSA 'mporecamu' 1 MOPUOIM3HO BIANOBIAAIOTH IOCHIAOBHUM mporeaypam. Ilpu
npoekTyBaHHI1 113 3a1a4i po30MBalOTLCS Ha Malike HE3aJIeKH1 OJHA B1J 1HIIMX YACTUHU Tak, 1100 IO MOX-
JIMBOCTI pIJIllI€ BUKOHYBATH omepaliii 00MiHY JaHHUMHU M1 NPOLIECaMU, K1 TOTPEOYIOTh BITHOCHO BEJIMKHUX
BUTpaT yacy. lleii piBeHb MNapajielbHOCTI HI B SKOMY pa3l HE OOMEXYEThCA PO3MapaTICTIOBAHHIM
MOCJIIOBHUX TTporpam. ICHye Bennka KUIbKICTb 3aj1a4, K1 HOTPEOYIOTh NapajelbHUX CTPYKTYP LIOTO THUITY

HaBITh TOJ1, KOJIM TaK camo, sIK 1 Ha IPOrpaMHOMY PiBHI, Y KOPUCTYBaya € TUIbKHU OJIUH MPOLIECOp.
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OCHOBHE 3aCTOCYBaHHS MPOLIEAYPHOrO PIBHA — 3arajibHa napajeibHa o0poOka iHdopmarlii, e
3aCTOCOBY€ETBCSI IO BHUPINIYBAHOI 3ajaul Ha MapayiesibHI Ti33jJadi, SKi po3B’A3yIOThCS Ha
O0araToOmpoIEeCcOpHIM CHUCTEMI 3 METOI IMIJABUILCHHS OOYMCIIOBAIBLHOI MPOAYKTUBHOCTI. BigmoBigHui

IIPUKJIA]T HABEAEHO Ha puc. 4.

PiBenb apupMmeTu4HUX BUPAa3iB

ApudmMeTndH1 BUpa3d BUKOHYIOTHCS MapaJIeIbHO MOKOMIOHEHTHO, IMPUYOMY B 3HAYHO IIPOCTIIINX
CUHXPOHHUX MeToAax. SKIo, HaNpUKIal, WAEThCS Mpo apudMETUUYHUN BHUpa3 JI0JaBaHHS 2x2-MaTPHIIb
(muB. puc. 19.), To BIH CHHXPOHHO PO3MHApaJICIIOEThCA YK€ IMPOCTO TOMY, IO KOKHOMY IIPOIIECOPOBI

BIINIOBI1AA€ OJIMH €JIEMEHT MaTPHUIll-pe3yIbTaTy.
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Henneg AL Gaz OPLT
1+1=2 2+1=3
T.
Fepymoma
EChI
+ w
=5 d+0=4

Puc. 19. Po3napanentoBanHs IpH 10JaBaHHI MaTPHUIb

IIpu 3acTocyBaHHI n? IPOIECOPHUX €JIEMEHTIB MOXKHA OJIEp>KAaTH CyMy JIBOX MaTpHILlb MOPSIKY n° 3a
yac, HEOOXIJHMH Il BUKOHAHHS OJHIET ormeparlii JojaBaHHS (3a BHHITKOM Yacy, HOTpIOHOro Ha
34MTYyBaHHS Ta 3amuc J1aHux). [[boMy piBHIO mMpuTaMaHH1 3aCO0M BEKTOpHU3AIlli Ta TaK 3BaHOI MapajaeabHOCTI

naHux. OCTaHHE MOHATTS NOB’SI3aHE 3 IETAJIBHICTIO PO3MApaJIEIOBAHHS, & CaMe€ — 3 WOr0 MOLIMPEHHSIM Ha
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JaH1, siki oOpoOiisie mporpamMHa cucrema. KulbkoM eleMeHTaM JIaHMX MOXKE€ BIAMOBIJATH CBill mpoliecop,
3aBJAKA 4OMYy Ti JaHi, mo B MamwuHl (oH HeitMana Oyjid mMacMBHUMHU, NMEPETBOPIOIOTHCS HA «AKTHBHI

OOYHUCITIOBAIbHI IPUCTPOIN.

PiBeHb ABINKOBUX PO3Psi/iiB

Ha npoMy piBHI BiOyBa€ThCS TNapajeibHE BHUKOHAHHSA JBIMKOBUX OMEpaliii B MeXax OIHOIO
MaIlIMHHOTO cjoBa . [lapanenbHICTh HA P1BHI OITIB NPUCYTHS B OyIb-IKOMY Mikpornpolecopi. Hanpukian, y
64-po3psaHomMy apudMETHKO-JIOTIYHOMY MPHUCTPOi I100ITOBa 00poOKa BHKOHYETHCS mMapajelbHUMHU

arlapaTHUMU 3aC00aMH.
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2. ITAPAJIEJIBHI OBYNCJIFOBAJIBHI CHCTEMHAX
2.1. Cnnoco6u 00poOKM TaHUX B 00UMCIIOBAJILHUX CHCTEMAX

2.1.1. IHocaizoBHa 00poOKka 1aHUX

[TpunycTrMo, 10 MOTPiOHO 3HAWTH CyMy C JABOX BEKTOpPIiB @ Ta b, koxuuii 3 axux mae 100 milicHHX
KOOPJMHAT, 3 BUKOPUCTAHHSIM OOYMCIIOBAIBHOTO MPUCTPOIO (200 KOMIT'I0TEPA), IKUH BUKOHYE J10JaBaHHSI
napy 4ucen 3a 5 TakTIB pOOOTH 1 y MpoIecl OOYUCICHb KOMII IOTEP HE MOYK€ BHUKOHYBATH HISKHUX 1HIIHUX
KOPUCHUX 1. ¥ TaKMX yMOBax cyma BEKTOpiB Moxke OyTu 3HaieHa 3a 500 takTiB. PO3BUTOK mporecy 00-
YUCJICHb CXEMaTHYHO HaBeaeHo Ha puc. 20.

Tenep npumycTuMo, IO € ABa Taka caMi MPUCTPOI, SIKI MOXKYTh MPAIOBATH OJHOYACHO 1 HE3aJIEKHO
OJIVH B1J| IHIIOTO, 1 MPU I[OMY B1ICYTHI J0JIaTKOB1 BUTPATH PECYPCIB MO OTPUMAHHIO TPUCTPOSAMHU BX1THUX
JTAHUX Ta 30€peKECHHSIM pe3ysibTaTiB. B TakoMy BHUIIQJIKy MOXHa OTpMMAaTH IIyKaHy CyMy BEKTOPIB BXKeE 3a
250 takTiB (puc. 21) — T0OTO Ma€EMO 1OJIBIiTHE MPUCKOPEHHS.

VY Bumnanky BukopuctaHHs 10 OJHAKOBUX TPUCTPOIB pe3yJIbTaT OTPUMYEThCA 3a 50 TakTiB, a y

3arajbHOMY BHIIQJIKy cucTeMa i3 N mpucTpoiB BUTpaTuTh Ha 0O6uucieHds cymu npuoan3Ho 500 / N takTis.
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2.1.2. KonBeepHa 00po0ka qaHUX

PosrisHemMo HUIsiXu MmokpamieHHs e€()EeKTUBHOCTI poOOTH CHCTEMHU 13 momnepeaHboro mnaparpady. s
IIbOIO0 MOKHa BHUKOPHCTaTH (hOpMy 3ammcy MIMCHUX Yucell B maM ATl Komm 'roTepa. JlomaBaHHs ducen
MOB’s3aHEe BUKOHAHHSAM TaKUX MIKpOOIepalliil sSK TMOPIBHSIHHA Ta BHUPIBHIOBAHHS MOPSAIKIB, J0JaBaHHS
MaHTHC, HopMauti3ailisi Ta T. . CyTTe€BUM € Te, 0 y Mpoleci 00poOKH KOKHA MIKpooIepallis 3a/1isiHa TUTbKU
OJIMH pa3 1 3aBKJI1 y Tl camii MOCI1IOBHOCTI OHA 3a 1HIO0K0. L{e 03Hauvae, 1110 AKIIO Mepina MikpooIrepaliis
BUKOHAJIa CBOIO pOOOTY 1 mepeana pe3yiabTar APYTii, TO i1 0OpOOKHU MOTOYHOI Napy AIMCHUX YUCENI BOHA
OulbIIE HE 3HAAOOUTHCS, 1 OTXKE, MUIKOM MOXE€ OyTH BHUKOPUCTAHHSA MJisI OOpOOKM HACTYIHOI Hapu
apTyMEHTIB.

Buxoasuu 13 nonepeaHix MIPKyBaHb, MOXHA CKOHCTPYIOBATH MPUCTPIA HACTYmHUM 4YUHOM. KoXHy
MIKpOOTIEpallil0 BUALIMMO Yy OKPEMY YacTUHY MPUCTPOIO 1 PO3TAIIYEMO iX y MOpsAKy BUKOHaHHS. [licis
BUKOHAHHS TMEPINOi MIKpoorepallli nepiia 4yacTHHA Mepejae CBIM pe3ysbTaT APYTrikdl 4acTHHI, a cama
oTpumye it 00poOKku HOBY mnapy. Koy BX1/IHI apryMeHTH NpOWAyTh Uyepe3 ycl eranu oOpoOKHu, HA BUXO/1
IIPUCTPOIO 3’ SIBUTHCS PE3YIbTaT BUKOHAHHS OIepallii.

Takuii cnoci® opranizaliii 0OYKMCIEHb Ma€ Ha3By KoHBeepHoi oOpooOxku. KokHa YacTHHA MPUCTPOIO

Ha3UBAEThCS CMAOier0 KOHBEEPA, a 3arajibHa KiNbKICTh CTaII — 0082CUHON KOHBEEPA.



[Ipunyctumo, 1o Jjisi BUKOHAHHS Omepalii J0JaBaHHS JIMCHUX YHCENl CHPOCKTOBAHO KOHBEEPHUH
IPUCTPIN, KU CKIAAAETHCA 13 I1'SITU CTall, SIK1 CIPAI[bOBYIOTh 32 OJMH TaKT. Yac BUKOHAHHS omepallii Ha
KOHBEEPHOMY TPHUCTPOI PIBHUI CyMi YaciB CHpallbOBYBaHHS yCiX cTafiiil koHBeepa. Lle o3Hauae, 1m0 ogHa
orepailisi J0JIaBaHHS JIBOX YMCEJ TPUBAE IT'ATh TAKTIB, TOOTO TaK caMO JIOBrO, SIK 1 Ha MOCI1JIOBHOMY
IPUCTPOI y MONMEPEAHBOMY MPUKIIA/II.

Tenep posrisHEMO mpolec T0AaBaHHS JABOX BEKTOpiB (puc. 22). Sk 1 panimie, yepe3 I’ ATh TAKTIB
OTPUMAHO CyMYy €JIeMEeHTIB mepioi mapu. IIpote ciia 3a3HaYuTH, IO MOPS 13 MEPIIOK Mapor MPOMIILIN
4acTKOBY OOpoOKy (Ha pi3HIM KUIBKOCTI CcTaiii) 1 1HIN mapu apryMmeHTiB. KoXKHMII HACTymHHUM TakT Ha
BHUXO/Il KOHBEEPHOTO MPUCTPOIO Oyie 3’ ABISATHUCSA CyMa YEPTOBOI Mapu KOOpAUHAT BeKTOpa ¢. Ha BukoHaHHs
yciei onepariii 3Ha00uThes 104 takTu, 3amicth S00 TakTIB TP BUKOPUCTAHHI MOCIOBHUX MPUCTPOIB —
BUTpAIIl Y Yacl MpUOJIM3HO Y 1’ STh pasiB.

[Tpubnu3HO Taka cama cuTyalliss Oyjae i y 3araJbHOMY BHUIAIKy. K0 KOHBeepHUU mpuctpiii € |-
CTaaiiiHMM 1 00poOKa JaHMX Ha KOXHIM CTaaili TpUBa€ OJMH TaKT, TO JJ1 BHUKOHAHHS N MOCJIJIOBHUX
omepariii Ha I1[bOMYy MpHCTpoi moTpiOHO BuTpatTH |+NnN—1 TakriB. SKkmo >k 1ed mOpUCTpii
BUKOPHCTOBYBATH Yy MOCITOBHOMY PEXHMI, TO KIJIbKICTh TakTiB Oyae piBHa |xn. Omxke, 11 BeauKux N

OTpUMY€EMO "TipucKkopeHHs" Maibke y | pa3iB 3a paxyHOK BUKOPUCTaHHSI KOHBEEPHOI 0OPOOKH JTaHMX.
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[Ipy BUKOpHUCTAaHHI BEKTOPHUX KOMaHA y GOpPMYJIi JJii TPUBAJIOCTI OOpPOOKH NTaHUX HAa KOHBEEPHOMY
OPUCTPOi J0JaeThes Ie oauH mojaHok: o+l+n-1, ge ¢ — me yac (y Takrax), HCOOXITHUN IS
1HIIT1aJ113a1111 BEKTOPHOI KOMaHIH.

OckiIbku Hi o, Hi | He 3amekaTh Bij 3HAYECHHS N, TO i3 30UIBIICHHSIM IOBXHHU BXIJHHMX BEKTOpIB
eghexmusHicmob KOHBEEPHOI 0OPOOKU Oanux 3pocmac. SIKIO mij ePEeKTUBHICTIO OOPOOKH PO3YyMITH pEasIbHY
NPOAYKTUBHICTh KOHBEEPHOTO MPUCTPOIO, PIBHY BIJHOIIEHHIO YMCJIA BUKOHAHMX OMeEpalii N A0 4dacy ix

BUKOHAHHS t(n), TO 3aJICKHICTh MPOTYKTUBHOCTI BiJl JOBKMHU BX1JHUX BEKTOPIB BU3HAYAETHCS HACTYITHUM

CITIBBITHOIIICHHAM;

n n 1
E(n):t(n) :(o-+l +n-1)z B (1+(c+1-1)/n)z’

1€ T — 11 TPUBAJIICTh TaKTy pOoOOTH KOMII HOTEpa.
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Puc. 22. 3HaxomKkeHHs cymu C = a + b 3a gomomororo 5-cTaiiifHOr0 KOHBEEPHOT'O IIPUCTPOIO

Ha puc. 23 HaBeneHo npuOau3HU BUTIISLA rpadika i€l 3ajeKHOCTI.
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Puc. 23. 3anexHiCTh IPOIYKTUBHOCTI KOHBEEPHOTO MPUCTPOIO BiJl IOBKUHU BX1THOTO HA0OPY JTaHUX

[3 3pocTaHHAM MOBXWHU BXIJHUX JAaHUX peajbHa MPOAYKTUBHICTh KOHBEEPHOTO MPUCTPOIO BCE OLIBIIE

1

HAOIMKAETHCS O HOTO MIKOBOI MPOAYKTUBHOCTI —. OIHAK NiKO8A NPOOYKMUBHICMb HIKOIU HEOOCAMCHA HA
T

npaKmuyi.

Po3risiHeMo OulbIl pealiCTUYHY MOJIe]Ib KOHBEEPHOI'O IMPUCTPOIO, siKa Iepeadadyae pi3Hy TPUBATICTh
craaiil. Hexait t,1,,...,{, — TpuBasocTi BinnmoBigHux craaiii kouseepa. To/l nepiia onepaiist o0OpoOku Oy e
tpuBatu t +...{, TakTiB, a KOXHa HacTynHa omnepauis Oyne 3aBepuryBaTucs uepe3 [ .. TakTiB micis

nonepeansoli, ne t . =maxt. ToMmy 3aranbHa KUIBKICTH TaKTIB, HEOOXIIHUX JJI1 BUKOHAHHS N omneparii,

ax b
I<i<l
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pieHa t, +...t, +(n—1)t,,, +o. Tomy mpuckopersst A(N) mpu BHKOHAHHI N ONeEPALiif, sKe XOCATAETHCS 3a

paxyHOK BUKOPUCTAHHS KOHBEEPHOTO CIIOCO0Y 0OpPOOKHU JaHWX, BU3HAYAETHCS BEIIMUUHOIO

A(n) = n(t +...t,)
t+..t+(n-1t, +o

3 ocTaHHBOI (HOpPMYJIM MOXKHA 3pOOMTH BHCHOBOK, IO TpaHWYHe mpuckopeHHs A=Ilim A(n)

n—oo

BU3HAYAETHCA 32 (OPMYJIOIO

A:H+”L.
t

max
3aJeKHICTh  MPOJYKTUBHOCTI  BIJIT JIOBKMHHM  BXIJIHUX BEKTOPIB  BU3HAYAETHCS  HACTYITHUM

CHIBB1IHOIIIEHHIM:

n
b+t +(n-1t, +o)r

E(n):(

Tomy mikoBa IpOAYKTUBHICTh E piBHA :
max ~ ©
3amaya 1. OOpoOka JaHMX HAa KOHBEEPHOMY MPUCTPOI CKIATAETHCS 13 5 CTajllil, TPUBAJIOCTI AKUX PIBHI

3, 5,2, 6 Ta 4 TakTu BIANOBITHO. BUKOHATH HACTYMHI 3aBJaHHS, BBaKalO4H, IO 1HIIIAI3allisl KOHBEeEpa

noTpedye 2 TakTiB Ta TPUBAIICTh OJHOTO TAKTY CKJIAJIa€ 5 HC!
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1. OGuuCAINTHU KIIBKICTh TaKTIB, HEOOXiAHY Mg BUkoHaHHA 1000 onepariiiii oOpoOKK JaHKUX 33 YMOBH, 1110
IPUCTPIN Tpaltoe
a. Y KOHBEEPHOMY PEKUMI;
b. y mocimitoBHOMY pexuMi;
2. BU3HauuTH HaliMEHINy KUTBKICTh Omepaliiil, Ipu BUKOHAHHI SIKMX Y KOHBEEPHOMY PEKUMI JIOCITAETHCS
npuckopeHHst He MeH1Ie 3a 90% B1J TPaHUYHOTO TPUCKOPEHHS.

3. IligpaxyBaTu MKOBY MPOAYKTHUBHICTH CUCTEMH.
2.2. XapaKTepUCTUKHU CUCTEM (PYHKIIOHATBLHUX MPUCTPOIB

bynp-gka oOuucioBalibHA CHCTEMa SBJISE COOOI CYKYMHHICTh JESIKMX (DYHKIIIOHAJIBHUX MPUCTPOIB
(®DITI). st OLIHKH SIKOCTI ii pOOOTH BBOJSATHCS P13HI XapPAKTEPUCTUKHU.

Hexait 3amana cuctema BIiJJIIKYy 4acy 1 3ajlaHa Jiesika OJIUHMI 4acy, Halpukjaa, cekyHaa. byaemo
BBAXAaTH, 1110 BC1 CIIPAIlbOBYBaHHs 0HO 1 TOro camoro ®dII cucreMu Mar0Th OJJHAKOBY TPUBAIICTb.

Hazemo ®II npocmum, KO Hisika HACTYITHA OMEpallisi He MOXEe BUKOHYBATUCS Ha HbOMY JI0 THX IIip,
MOKU HE BUKOHAEThCA nomnepeaHs. OCHOBHA BIACTUBICTh MPOCcTOro ®II — BiH MOHOMOJIbBHE BUKOPUCTOBYE

CBO€ 00J1aJJHaHHS 11 BAKOHAHHS KOKHOI1 OKPEMO1 omepariii.
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Ha BigmiHy Big npoctoro, xongecpruti ®I1 po3mnoaiise cBoe 001agHaHHS ISl OJJTHOYACHOTO BUKOHAHHS
KUIBKOX orneparlii. [lyxe dacto (ajie Heo00B’13k0B0) KOHBEeEpHI PII KOHCTPYIOIOTHCS SIK JIHIMHI JTAHIIOKKA
npoctux ®II (craxiit). [Ipoctuit ®II MoxkHa 3aBxkau BBakaTh KOHBeepHUM DIl 3 OBXKMHOIO KOHBEEPA,
piBHOIO 1.

Hazpemo eapmicmiwo onepauyii 4ac ii peanizaiii, a eapmicmio pobomu — CyMapHy BapTICTh YCiX
BUKOHAHUX OINEpalld. 3asanmasicenicmio TPUCTPOIO P HA AAHOMY IPOMDKKY 4Yacy OyIemMo Ha3MBaTH
BIIHOIIIEHHSI BapTOCTI pe€aJibHO BUKOHAHOI POOOTH JO MaKCUMaJIbHO MOJIMBOiI BaprTocTi. HacTymnHi nBa

TBEPKCHHIO MICTATH OIKC OCHOBHUX BiacTuBocTer PII ta cuctem DII.

TBepaxenns 1. Maxcumanvna eapmicms, axy moxce sukonamu DII 3a yac T, pisna T o npocmozo

@Il ma nT ons kouseecprozco DII dosrcunu N,

bynemo HazuBaTu peaibHOr NPOOYKMUBHICMIO CUCTEMH MPUCTPOIB KUIBKICTh OMepalliil, ki peaabHO
BUKOHYIOTHCSl Y CEPEAHBROMY 3a OJIUHUIIIO Yacy. [[ikogoto npooykmueHicmio Ha3UBAIOTh MAKCUMAJIbHY KUIb-
KICTh omepalliii, ssiki Morjla Ou BUKOHATH CUCTEMA 3a OJIMHUIIIO Yacy y BUIIAAKY BIJICYTHOCTI 3B’ SI3KIB MIXK ii
®II. 3 BU3HAYCHHS BUILUIMBAE, WO peanbHa (Niko8a) NPOOYKMUBHICMb CUCMEMU PIBHA CYMI peanbHux

(nixosux) npooykmusnocmeti DI, aK1 BXOAATH 10 1i CKJIay.
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TBepmkenns 2. fHxwo cucmema ckiadaemuvcs i3 S npucmpois, saKi mMaroms Niko8i npooyKmMueHOCmi
TTis.. 7T 1 npayrorwoms i3 3a8aHmadiceHicmio Py,..., P, Mo peanvHa npooyKmuenicms cucmemu I obuuc-

JIIOEMBCSL 34 POPMYILO0I0

S
r=>pr. (1)
i=1
Po3riasHeEMO Terep, SIKHM YMHOM BH3HAYAETHCS 3aBAHTAXKECHICTH CHCTEMH MPHCTPOIB. SIKIO mpucTpoi

MAarOTh MKOBI IPOXYKTUBHOCTI 77y,...,7T, 1 IPAIIOIOTH 13 3aBAHTAKEHICTIO [,..., Py, TO OyI€MO BBAXKATH 34

O3HA4YCHHIM, 110 3AB8AHMAINCEHICMb CUCMeMU € BEIIMUMHA

Jc

A (i=1...,s).

|
S ]
Z”j
j=1

3aBaHTAXKEHICTh CUCTEMHU € 3BAKEHOIO CYMOIO 3aBAHTAKEHOCTI OKPEMHUX MPUCTPOIB, TaK SIK 13 BU3HAYCHHSI

KOe(DIIIEHTIB ¢; BUILIUBAE, IO
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S =1 ¢ 20,(i=1....5) 3)

Tomy 17151 3aBaHTaKEHOCTI CUCTEMH p BUKOHYIOThCSI HEpiBHOCTI 0 < p <1. Kpim Toro, 3 (2) Ta (3) BUILIUBAE,
0 3aBAHTAXKECHICTh CHCTEMM pIBHA | TOMI 1 TUIBKM TOJMi, KOJIM 3aBAHTAXKEHOCTI OKPEMHUX MPUCTPOIB
CUCTEMH piBHI 1.

Takox ciiJ 3a3HAYUTH, IO BU3HAYECHHS 3aBAHTAKEHOCTI CHUCTEMHU 3TIJHO J10 (2) Y3TOJKYEThCS 13
dbopMyJior0 peanbHOT TpOoAyKTUBHOCTI (1). JIIMCHO, OCKUIBKH nIKO8A NPOOYKMUBHICMb T CUCHEMU

npucmpoie piBHa 7, +...+ 7., T0 3riaH0 10 (1) Ta (2) cupaBaKy€eThCs pIBHICTh
r=pr. (4)

Benuka kuibkicTh @II, Tak camo sk 1 koHBeepHI PII, BUKOPUCTOBYIOTHCS TOJ1, KOJIM BUHUKAE MOTpeOa
po3B’sA3aTu 3ajady mBuame. [nsa Toro, moO 3po3yMiTH, HACKUIBKM IIBHUJIIE 1€ BIAETHCS 3POOMTH,
NOTPIOHO YBECTH Y PO3TJISA NOHATTS "MpuUcKopeHHs". SIK 1 y BUMAAKy 3aBaHTa)KEHOCTI 11€ MOKHa 3pO0OUTU
no-pizHOMY. PO3riIssHEMO OJIMH 13 C1OCO01B BUBHAYEHHS TPUCKOPEHHSI.

Hexait anroput™M peanizyerbcsi 3a 4yac I Ha OOYMCIIOBAIBHIN CHUCTEMI 13 S MPUCTPOIB, MPOCTUX 0O
KOHBEEPHUX, SIKI MAIOTh MIKOBI MIPOXYKTUBHOCTI 77y,..., 7. [Ipunycrumo, mo 7z, <7, <...< 7, 1 HeXal IIpu

peasizaliii aaropuTMy CHCTEMa JIOCATA€ PeaabHOl MPOAYKTUBHOCTI I, IKa 00UHMCIIIOEThCA 3a dhopmyitoro (1).
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bynemo mnopiBHIOBaTH MIBUIKICTH POOOTH CHUCTEMHU 13 IMIBUAKICTIO POOOTH TIMOTETUYHOI'O MPOCTOTO
YHIBEPCAJIBHOIO MPUCTPOIO, SIKUH Ma€ MIKOBY NMPOAYKTUBHICTh 77, (TaKy camy, SIK HaWIIBUAIIUN IPUCTPIH
CUCTEMM) Ta 3JJaTHUI BUKOHYBATH T1 cami onepariii, 1o i yci @II cucremu.

Takum uynHOM, OyZIeMO Ha3UBaTH BigHOIICHHS R =T /7, npuckopeHHsM peai3allii aIropuTMy Ha JaHii

OOYMCIIOBANIBHIN cHUCTEeM1 a00 MPOCTO npuckoperuusam. ToOTo,

Z Pi7;
R — =l

max z,

1<i<s

()

Ananiz ¢opmyau (5) mMokaszye, MO HPUCKOPEHHS OOYUCIIOBAJIBLHOI CHUCTEMH, KA CKJIAIA€ThCA 13 S
IPUCTPOIB, HE MOXKE MEPEBUILYBATH S 1 MOXKE JOCATATH S TOMA1 1 TUIBKM TOMl, KOJIM yCl MPUCTPOI CUCTEMU

MarOTh OJIHAKOBI MIKOB1 MPOAYKTUBHOCTI 1 € ITIJIKOM 3aBaHTAKECHUMHU.

TBepaxenuss 3. fkuwo cucmema ckiadaemocs i3 S NpUCmMpois, sKI Maromb O0O0HAKOBL NIKOBI

npooykmuenocmi (npocmux yu KOHBEEPHUX), MO

® 3A8AHMANCEHICMb CUCMEMU PIBHA CEPEOHbOMY APUDBMEMUUHOMY 3A6AHMAHNCEHOCMI Y CIX NPUCPOIE,
® peanbHa NPOOYKMUBHICIb CUCMEMU PIBHA CYMI peaibHOI NPOOYKMUBHOCHI YCIX NPUCPOIB;

® 1iK08a NPOOYKMUBHICMb cUCmeMU V S pa3zie Oinvuia 3a npoo0yKMUBHICMb 00H020 NPUCMPOIO,

® NPUCKOPEHHS CUCMEMU PIBHE CYMI 3A8AHMANICEHOCMI YCIX NPUCMPOIS.
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OfHUM 13 OCHOBHUX MHUTaHb TEOPii OOUMCIIOBAIBHUX CUCTEM € MUTAHHS JOCSTHEHHS BUCOKOI'O PiBHS
edekTuBHOCTI. I3 (4) BUILIMBAE, 1110 JJIS LILOTO MOTPIOHO JHOCSATTH BUCOKOTO PIBHS 3aBAaHTaXKEHOCTI CUCTEMH.
[{poro y cBOIO 4epry MOXHa JOCSTTH LUISXOM MIABUILECHHS 3aBaHTa)KEHOCTI OKpeMHuX NpuctpoiB. [Ipote
3QJIMIIAETHCS BIAKPUTUM MUTAHHS, SIK MOKHA 11€ 3p00OuTH. SIKI0 mpucTpii He 3aBaHTakeHUM Ha 100% TO
3aBaHTAXKCHICTh MOXXHA 3aBXXJM IMIJIBUIIUTH TIIKA Y TOMY BUMNAAKY, SIKIIO BIH HE MOB’SI3aHUM 13 1HITUMHU
OpUCTPOAMU. B 1HIIIOMY BUIAJIKy CUTYaIllsl HE € OYEBUIHOIO.

be3 oOMexeHHsl 3arajibHOCTI OyJIeMO BBa)KaTH, IO YC1 MPUCTPOI € MPOCTUMH, TOMY IO JOBUIbHUUN
KOHBEEPHUM MPUCTPIA MOKHA 300pa3UTH Y BUIIIAI JIAHIIOKKA TPOCTUX OpUCTpoiB. [IpumycTtumo, 1o mix
IPUCTPOSMHU BCTAHOBJICHO HAIPABJICHUM 3B’SI3KH, SIKI HE 3MIHIOIOTHCA Y TMpolecl (PYHKIIOHYBAHHS.
[ToOynyeMo opieHTOBaHUM rpad (MOXKIMBO 13 KpaTHUMHU JyTamu), BEPIIMHU SKOTO B3aEMHO OJHO3HAYHO
BI/INOBIJIAIOTh IPUCTPOSM, a JyTHM — 3B’ sI3KaM MK HUMH. 3 BEpIIUHU A MPOBEJAEMO JIyTy y BepUIUHY B Toi
1 TUIBKK TOJ1, KOJHU pe3yabTaT poOOTH MPHUCTPOIO, IKOMY BIAMNOBIJAE€ BEPIIMHA A, MEPEAAETHCS Y SIKOCTI
BXI1JIHOTO apT'yMEHTY MPHUCTPOIO, IKOMY CTaBUTHCS Y BiAMOBIAHICTh BepiinHa B. HazBemo oTpumanuii rpad

epagom cucmemu.
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TBepmxenns 4. fxkwo cucmema ckiadaemuvcs i3 S nPOCMUX NPUCmMpois, AKi Maromv NiKo8i NPooyK-

MueHocmi 7,,..., 7T, i epag) cucmemu € caabko 36 ’sAsHum (8iOnogioHuu oMy Heopicnmosauuii epagp ¢

36 A3HUM), O MAKCUMATbHA NPOOYKMUBHICMb cucmemu I 8Upaxicacmucs oopmynor

I =S-Minrz,.

max I<i<s

JloBeneHHs HaBeneHO B [1].

Hacuaigok 1. B ymoBax TBep1)KeHHS 4:

ACUMNMOMUYHO YCI NPUCMPOT BUKOHYIOMb 0OHAKO8Y KILIbKICMb Onepayill,
3A8AHMANCEHICMb KOHCHO20 NPUCPOIO HE NEePeBUUYE 3A8AHMANCEHICINb HAUMEHU NPOOYKMUBHO2O
npUCmMpoIo;
AKWO AKUU-HeOYOb NpUCMpPIU  3A8AHMANCEHO NOBHICMIO, MO Ueu NPUCmpitl MA€ HAUMEHULY
NPOOYKMUBHICb V CUCIEMI,
3A8AHMANCEHICMb CUCmeMU He OLIbua 3a YUCIIO

S-min .

_ 1<i<s .
pmax - S ’

NPUCKOPEHHA cucmemu He nepesuul)y e
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s-minr.
R — 1<i<s .
" maxr,

I<i<s

Hacaigok 2 (mepmuii 3akon Amaada). /IlpodykmugHicms 064UCI08aNbHOL cucmemu, sIKa CKIA0acEmubCs
i3 NO8 A3aHUX MIdC cOO0I0 NPUCMPOIB, Y 3A2ANbHOMY 6UNAOKY BUHAUAEMbCS HAUMEHUL NPOOYKMUBHUM NPU-

CMPOEM.

Kaxcyqn, o CUCTCMa Ipanre€ 3 MAKCUMAJIBbHOIO MOJKIINBOIO PCAJIbBHOXO HpOI[YKTI/IBHiCTIO, Ma€EMO Ha

yBa3l Te, 1110 Y CUCTEMI 3a0€3I1eUy€ThCsl TAKUM PO3KIIaJ KOMaH, SKUi MiHIMi3ye npocTiit DI cuctemu.

Hacuainok 3. Hexau cucmema ymeopena npocmumu npucmposamu i mae 368 si3nuu 2pag. Tooi acumnmo-
Mu4Ha NpoOYKMUBHICMb cucmemu 0y0e MAKCUMAIbHOW, SAKUWO YCI NPpUCmpoi Marwoms 00OHAKOBI NIKOBI

npPOOYKMUBHOCIIL.

MakcumanbHa MPOIYKTUBHICTH CUCTEMH MOKE JOCSATATUCS MPHU PI3HUX PexKUMax PoOOTH. 30Kpema,
BOHA JIOCATAETHCS NPU CUHXPOHHOMY PEXHUMI 13 TAKTOM, OOEPHEHO NPOMOPIIMHUM MOPOITYKTUBHOCTI
HannoBuIbHIIIIOr0o ®II cuctemu. I3 Hacmiaky 3 MOKHA 3pOOUTH BUCHOBOK, 1110 MPOYKTUBHICTH CUCTEMH TO-
KpAIIly€ThCS, SKIIO yCl MPUCTPOI CUCTEMHU MAIOTh OJJHAKOBY MTPOAYKTHUBHICTb.

[Ipunyctumo, MO yCl MNPUCTPOi CUCTEMHU € NPOCTUMH, YHIBEpCalbHUMHU (TOOTO HAa HHUX MOXHA

BUKOHYBAaTH PI3HOMaHITHI Omepaliii) Ta MalOTh OJHAKOBY MNPOIYyKTHBHICTh. Hexall y cuctemi peanizyeTbcs
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JESKUN aJropyuT™M, a cama peajizailis BIANOBIIa€e AeaKii oro napanenbHii Gopwmi. [Ipunyctumo, 1o BucoTa
napajnenbHoi Gopmu (KUIBKICTH SIPYCIB) piBHA M, mupuHa (MakCHUMajbHa KUIBKICTh BEPIIMH HAa OJHOMY

apycl) — (], @ BChOr0 y aJirOpUTMI BUKOHY€ThbCs1 N omepariiit.

TBepakenns 5. /[na cucmemu, siKa 3a0080/IbHAE HABEOCHI 8UWE YMOBU, MAKCUMATbHE NPUCKOPEHHS

piene N /m.

Hacainok 1. Minivanona kinexicme npucmpois cucmemu, npu AKIU Modce Oymu O00CASHYMO

MAKCUMATLHO MONCIUBE NPUCKOPEHHS, PI8HE WUPUHI ANCOPUMMY.

[Ipunyctumo, 110 y aaroputrmi N omepariiid 13 N BUKOHYIOTBCS IOCHiA0BHO. IIpHYuHM 1IbOIO MOXKYTh
Oytu pi3aumu. Hanpuknaz, onepaiili MoyTh OyTH MOB’s13aH1 MOCIIJOBHUMHU 1HPOPMALIITHUMU 3B’ I3KaMHU.
Takox IIJIKOM MOXJIMBUM € T€, 110 TIPU peaii3alilii airOpuTMy IPOCTO HE PO3MI3HAIN Mapajesi3M, HasBHUN

y BIIIOBIIHIN Horo yactuHi. BigHomenns S =n/N Ha3BeMo uacmxoio nociioosnux o0uucieHs.

Hacainok 2 (apyruii 3akoH Ampana). Hexau cucmema cxaadaemocsi i3 S 0OHAKOBUX NPOCMUX
VHigepcanvHux npucmpois. Illpunycmumo, wo npu GUKOHAHHI NAPANENbHOI YACMUHU al2Opummy Yyci S

npUCMpOoi8 € Yinkom 3asanmadxicerumu. Tooi MaxcumaibHe MONHCAuBe NPUCKOPEHHs pigHe

S

R= .
ps+(1-5)
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Hacainok 3 (Tperiit 3akoH Amaagna). Hexau cucmema ckiaoaemves i3 S O0OHAKOBUX NPOCMUX
YHigepcanbhux npucmpois. [lpu 6y0b-axomy pedxxcumi pooomu ii NPUCKOPEHHS He MOoxce Oymu OibuumM 3a

obepreny euuUHy 00 YacmKu NOCII00BHUX OOUUCIEHD.

3anaua 2. ['pad cucremu ®II HaBeneHuii Ha puc. 24.

10 11

12

Puc. 24. I'pad cucremu OII
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Bigomi mnpoayktuBHOCTI mnpuctpoiB cucremu: 7, =10, 7,=95, 7,=8,7,=6, 7. =7, 7, =9, n, =12,
g =8, 7y, =10, 7, =4, ,, =6, 7, =4, 7, =6. Buznauntu:

1) 3aBaHTaXEHOCTI YCiX MPUCTPOIB CUCTEMH.

2) 3aBaHTa)KCHICTh CUCTCMHU.

3) PeanbHy IpOIyKTHBHICTH CUCTEMH.

4) ITpuckopeHHS CUCTEMH.

3agaya 3. 3a 10MOMOTOI0 2-TO 3aKOHY AMjIajla BU3HAUYUTH MaKCHUMaJbHE MOXKJINBE IMPUCKOPEHHS CHC-

TEeMHU, KA CKJIAJAEThCS 3 OJHAKOBHUX IIPUCTPOIB 1 Mae rpad, HaBeACHMI Ha puc. 25.

Puc. 25. I'pad cucremn
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2.3. Knacudikania napajgejbHUX 004UCIIOBAIbHUX CHCTEM

3 IOIepeaHbOTO MaTepially 3p0o3yMuo, IO ICHye OaraTo pi3HMX CIOCO0IB opraHizailii mapajielbHUX
oOuuncmoBaibHuX cucteM. Cepell HaWOUIBIIT PO3MOBCIOKEHOI apXITEKTYpU MOKHA BKa3aTh BEKTOPHO-
KOHBEEPHI, MacCHMBHO-TIApAJICNIbHI Ta MAaTPUYHI CHUCTEMH, CIICUMNPOLIECOPU, KJIACTepH, KOMII IoTepu 13 Oa-
raTOMOTOKOBOIO apXITEKTYPOO TOIIIO.

VY 3B’S3Ky 3 PI3HOIUIAHOBICTIO PO3POOJICHMX CHCTEM BHHHUKIA MOTpeda Kiacu(piKyBaTH MapayiesibHI

CUCTEMHU.
2.3.1. Kaacudikanis ®Painna

s xmacudikaiisa apxitekryp Oyna 3ampornoHoBaHa B 1966 p. M. ®DiHHOM 1 BBaXAETHCS MEPIIOKO 1
HaMOLIBII PO3IMOBCIOKEHOIO Kiacudikamiero. Knacudikarmis daiHHA 3aCHOBaHA Ha IIOHATTI MOTOKY, IIiJI
SKUM Ma€ThCS Ha yBa3i MOCIIIOBHICTh KOMaH[ ad0 JaHUX, sIKi olpaiboBye mporecop. Ha oCHOBI KiIBKOCTI
MOTOKIB KOMaH/1 Ta AaHuX DJIIHH BUPI3HSIE YOTUPH KIIACU APXITEKTYPH.

SISD (Single Instruction stream/Single Data stream) — oguHUYHMIA TOTIK KOMaH Ta OJUHHYHHHI ITOTIK

naHuX, HaBeAaeHuH Ha puc. 26 (ITP — mporecop, I/l — mam’a1e naanx, YY — ynpaBiastounid MPUCTPii).
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Yy

SISD

np

/na

Puc. 26. Kimac SISD xnacudikarii ®minHa

o xiacy SISD HanexaTb, mepeji yciM, KJIACHYHI MOCHIIJOBHI MAaIlIMHU 13 apXITeKTyporw (oH Heiimana,

Hanpukian, PDP-11 abo VAX 11/780. B Takux MallMHaX € TUIBKM OJWH IOTIK KOMaHJ, yCi KOMaHIH

00pOOISAIOTHCS TTOCIIIOBHO O/IHA 32 OJHOIO 1 KOKHA 3 HUX TTOPOJIKYE OJIHY CKaJIsIpHY onepatiito. [Ipu nbomy

HEBAXKJIMBO, 10 JJIs 30UIBIICHHS MIBUAKOCTI OOpOOKH KOMaH/I 1 MIBUJAKOCTI apu(METUUHUX OIepaliii Moxe

OyTH 3aCTOCOBaHa KOHBEEpPHA 00OpOOKa JTaHUX.

SIMD (Single Instruction stream/Multiple Data stream) — oaWHHYHMI MOTIK KOMaHJ Ta MHOXXUHHHMI

HOTiK JaHux (puc. 27).
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Yy SIMD

P i —{nn

Puc. 27. Kitac SIMD knacudikarii dmiana

Y nopmiOHilt apXiTekTypi 30epiraerbCs OIWH IIOTIK KOMAaHJ, SKHM BKJIOYa€, Ha BIAMIHY Bij
MOIIEPEeAHbOr0 KJIacy, BEKTOpHI koMaHau. Lle mae 3Mory BHKOHYBaTH apu@MeTHdH1 oIliepallii Biapaszy 3
OaraTbMa JaHUMM, HaNPUKIIAJ] €IeMeHTaMu BekTopa. Criocid BUKOHAHHS CTporo He (ikcyeTbes. BiH Moxe
OyTH peasnizoBaHMii ab0 3 BUKOpPHCTaHHSM IpoliecopHoi Marpuii, sk y ILLIAC IV, a6o 3a gomomoroto
KOHBeepa, sk y MaimuHi Cray-1.

MISD (Multiple Instruction stream/Single Data stream) — MHOXXMHHHI TOTIK KOMaHZ 1 OJUHOYHHI

HOTiK JaHux (puc. 28).
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Yy

MISD

ne

[nA

Puc. 28. Kitac MISD knacudikarii @miana

VY BU3HAYEHHI MAlOTh HA YBa3l, 110 HAsABHICTh y apXiTEKTypl OaraTb0x MPOIECOPIB, SIK1 OMPALbOBYIOTh

OJIMH 1 TOW camMui MOTIK daHuX. ¥ [1] HaBeAeHO apryMeHTallif0 TOTO, IO JaHHWK KJac IMOTPIOHO BBAXKATH

OPOXKHIM.

MIMD (Multiple Instruction stream/Multiple Data stream) — MHOXHHHUI @IOTIK KOMaHI Ta

MHO>XUHHHH TOTIK TaHUX (IHB. puc. 29).

Yy

MIMD

P

—{nn

1

Puc. 29. Knac DISD knacudikariii @ainHa
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[leil kjac MICTUThL OOYMCIIOBAJIBbHI CHUCTEMH, SIKI MAIOTh KUIbKa MPUCTPOIB OOpoOKM naHux. BiH €
HAJ3BMYAHO MIMPOKHM i, 30KpeMa, MICTHTb Di3HOMAHITHI MyJIbTHIpOlecopHi cuctemu: Cm’, C.mmp,
Cray Y-MP, Intel Paragon Ta ©Oarato iHmux. SIKI0 KOHBEEPHY OOPOOKY pO3IIISIIATH SK BUKOHAHHS
TIOCITIJIOBHOCTI Pi3HUX KOMaHJ (CTajaiii KOHBeepa) HE HaJ OAMHOYHHM BEKTOPHHM ITOTOKOM JIaHHMX, a Hajl
MHOXXHUHHHUM CKaJSIPpHUM ITOTOKOM, TO YC1 BEKTOPHO-KOHBEEPHI KOMII IOTEPU MOKHA BIJHECTH O KJacy
MIMD.

Henmonikom knacudikarii OaiHHa € Te, Mo ACAKl BakauBi cucteMu, Hanpukiayn dataflow ta BexropHo-
KOHBEEpPHI MallWHM, YITKO HE BIHUCYIOThCA y JaHy Kiacudikamito. [HIMA HEmOJMIK — HaJAMIpHA Ha-
noBHEHICTh octaHHboro kinacy MIMD. Ileit nenonik nogonano y xiacudikamii P. XokHi, skl MpOBIB

OUIBII peTeNbHY Kiacudikalliro MammuH kiaacy MIMD [1].

2.3.2. Kaacudikanis Penra

[IpUHIMIIOB] 1HIIWHI MAX1A 10 Kiacudikamii OyB 3anponoHoBaHuid T. @enrom y 1972 pomui. 3rigHo 10
OO MIJIXOAY KJIacuikallisi IpoBOAUTHCS 10 JIBOM MPOCTUM XapakTepucTtukam. Ilepira — guciao N O1TIB y
MaIlIMHHOMY CJIOBI, SIK1 ONPallbOBYIOTHCA MapajieiabHO NMPU BUKOHAHHI MAIIMHHUX 1HCTPYKIIKA. Maiixke mis
yCIX Cy4YaCHHUX MAaIHH 11€ YUCJIO CHIBOAJA€ 13 JOBXKHUHOK MAIIMHHOTO CjoBa. J[pyra xapakTepucTHKa piBHA
YUCJTy CJI1B M, SIK1 0JJHOYACHO 00p0o0JIsie JaHa 00UYHCITIOBAIbHA CUCTEMA.
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KoxxHy 004uCIIOBajIbHY CUCTEMY MOYXHA OINKCATH MapOI0 YUCEN (n, m). JobyTok P =nxm BuszHauae

IHTErpajbHy XapaKTEPUCTUKY MOTEHIaTy OOYMCIIOBAIBHOI CUCTEMHU, 5IKYy DEHr Ha3BaB MaKCHMAIbHOIO
CTYIICHIO IMapajesizMy 00YHCIIIOBajJbHOI cucteMu. Ilo cyTTi, 1€ He IO 1HIIE, SIK MKOBa MPOAYKTHUBHICTD,
BUpPA)KEHA Y 1HIIUX OJUHUIISX.

[Tokaxxemo oOunciaeHHss Xapaktepuctuk @Denra Ha mnpukmnaai ko torepa Advanced Scientific
Computer ¢ipmu Texas Instruments (T1 ASC). V ocHoBHOMY pexkuMi BiH 00po0Oiise 64-po3psiTHe CIOBO,
IPUYOMY YCI PO3pSiAM ONPalbOBYIOTHCS TapaielbHO. ApPU(DMETHUYHO-JIOTIYHUM TPUCTPIM Mae€ YOTUPHU
OJTHOYACHO TIpAITIOIOUMX 8-cTamiifHuX KoHBeepiB. Ilpu Takiii opranizamii 4x8=32 cioBa MOXYTh
00po0IATHCS 0HOYACHO, 1 0Tke KoM 1otep T1 ASC mosxe OyTu momanuii y Burismai (64, 32).

Ha ocHoBi 3anpornonoBanoi @eHrom kiacu@ikaiii Mo>kHa BAOKPEMUTH YOTUPH KIIACH KOMII IOTEPIB:

1) Po3psiiHO-TIOCTIIOBHI, ITOCIIBHO-IIOCITIIOBHI (n:1, m=1). Y KOXHHM MOMEHT 4Yacy Ha TaKux

MaIIuHaxX 00pOoOJISIETHCS TUIBKH OJUH JIBIMKOBUN PO3PS/I.

2) Po3psigHo-napalieNibHi, IMOCIiBHO-IIOCITIIOBHI (n >1, m=1). BiapmIicTh KIACMYHUX IOCIIAOBHHUX
KOMIT'IOTEPIB, Tak caMo sK 0araTo oQuMCcIIoBaIbHHX cucteM 3 ommcamu (16,1) aGo (32,1), sxi

ICHYBaJIM JI0 €pHU OaratosiiepHUX MaIluH.
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3) Po3psiiHO-TI0CITIIOBHI, TTOCIIIBHO-IIapalieabHi (n=1, m >1). OO0YuCIIOBAIbHI CUCTEMHU IIHOTO KJIACy

CKJIQJIAIOTHCS 13 BEJIUKOI KUTBKOCTI OJJHOPO3PSAIHUX MPOIECOPHUX €JIEMEHTIB, KOKHUH 3 SIKUX MPAITIO€

Hesalle)kHo Bix iHmux. Tunosum npukiaagom € ICL DAP (1, 4096).

4) Po3psigHO-TIapaielibHi, TOCIiBHO-TIapaieabHi (n >1,m >1). [lepeBakHa OUIBIIICTD MapalieTbHUX

OOUYHCITIOBAIbHUX CUCTEM, SIK1 OMPAIlbOBYIOTh OJHOYACHO N X M ABIMKOBHUX PO3PSAiB, BITHOCUTHCS 10
poro kinacy: ILLIAC IV (64, 64), TI ASC (64, 32) ta 6araTo iHIIHKX.

Henomik kmacugikamii moB’si3aHi 31 crocoOoM oOumcieHHs uuciaa M. Ilpu mpomy @DeHr irHopye
BIIIMIHHICTD MDK MPOLUECOPHUMH MATPUISIMH, BEKTOPHO-KOHBEEPHHUMHU Ta 0araronporecOpHUMHU
CUCTEMAaMH.

Cnmig 3a3Ha4yMTH, IO 3alpPOIIOHOBAHO 3HAYHE YHCIO I1HIMX CHoco0iB kiacudikarmii: Xenaiaepa,

[uaiinepa, Ckimnkopna [1] 1 1. 1.
2.4. GRID ta MmeTakoMII’1OTHHT

VYci nepuii napaieiabHi CUCTEMU HaJeKalld MOTY)XKHHM YCTaHOBaM Ta KopriopaiisiM. Ajie y Hall 4ac
cuTyamisi pizko 3MmiHWiIacs. OOYUCIIOBAIBHUM KJIacTep MOKHaA 310patv y OUIbIIOCTI J1abopaTopiid,

BIJIIITOBXYIOUKCH JIMIIIE BiJ MOTPeO y OOUMCIIOBANIBHINA MOTY>XHOCTI Ta HasgBHOTO Orojkery. st minoro
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KJIacy 3ajad, sAKl He mepeadadarTh TICHOI B3a€MOJIi MDK IapajebHUMH OOYMCIIOBAIBHUMH MPOIIECAMH,
pimeHHs Ha 0a3i 3BHYaiiHUX poOoYMX cTaHIii Ta Mmepexi Fast Ethernet e minkom edekTuBHIMMU.

[IpoaoBKEHHSIM IILOTO € 1/1es1 BBXXaTH OyJIb-sIK1 MPUCTPOI MapajebHOI0 00UYHUCIIOBAIBHOIO CUCTEMOIO,
SKIIO BOHU MPAIIOIOTh OJHOYACHO 1 iX MOXXHA BUKOPHUCTOBYBATH JIJIsi PO3B’s3aHHs OJHI€T 3aaui. Criocobu
OpraHizaifii mapajejbHUX OOYUCICHb Ta MOKJIHUBOCTI CHUCTEMHM MOXYThb OyTH pI3HI, aj¢ HPUHILMIIOBA
MOKJIMBICTD MapajebHUX 00YHCIICHb Ma€ OyTH IIPUCYTHS.

VY 11bOMy CEHC1 yHIKaJIbHI MOKJIMBOCTI HaJae Mepeka [HTepHET, IKy MOXHA pO3TIISIAATH SIK HAaHOLTbIINI
y CcBiTI kKoM 10Tep. JKogHa oOUMCIIOBalIbHA CUCTEMA HE MOJKE 3PIBHATHUCS Hi MO MIKOBIM MPOIYKTUBHOCTI,
H1 110 00’ €My ONEPaTUBHOI YU JUCKOBOI IMaM’ATi 13 TUMU CYMAapHUMHU peCypcaMu, K1 MarOThb KOMII IOTEPH,
K1 TIAKII0YeH] 70 Mepexi IaTepHeT. 3BiacH 1 MOXOAWTH CHelliajJbHA Ha3Ba JJIS IIPOLIECY OpraHizariii
OOUYHCIICHb HA TaKill CUCTEMI — MemaKkomn 1omuHne. Y TPUHIINMI, HEOOOB SI3KOBO PO3TJIsAaTH [HTEpHET K
€IMHE MOXJIMBE KOMYHIKAIITHE CEPEIOBUINE METAKOI IOTEPa, 1[I0 POJIb MOXE BHUKOHYBaTU OyAb-iKa Me-
peXeBa TEXHOJOTis. Y JaHOMYy BHIIQJIKy TOJOBHMM € TpPUHOMI (YHKIIOHYBaHHS, a TEXHIYHUX
MOKJIMBOCTEN Ha JaHUM Yac 1CHY€ JI0OCTaTHhO.

[lepuni OpoOTOTHNM pPEATbHUX CUCTEM METAKOMII IOTUHTY 3 ABUJMCS Hanpukidil 90-x pokiB XX

CTOJITTS. Y JIESIKUX CUCTEMaX BUKOPUCTOBYIOTHCS BUCOKOMPOYKTUBHI MEPEXK1 Ta CHEIaIbHI TPOTOKOJIH, a
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JeCh 3a OCHOBY OepeTbCsl 3BUYAliHI KaHalud 3B 3Ky Ta pobora 3 mpotokosiom HTTP. Ilpuxknanu
BIJIMIOBIAHUX CHUCTEM HaBeaeHi y [1].

O0’enHaHHA y MeXaxX OJIHIEI MEpeXl PI3SHOMAaHITHI MPHUCTPOIB J1ae 3MOry chopMyBaTH CHEIllaJIbHE
oOuucioBajgbHe cepenoBuile. [IeBHI KOMI'IOTEpH MOXKYTh BMHUKATHUCA YW BUMHUKATHUCS, ajie, 3 MO3MUIII
KOPUCTyBayda, II€ CEpPEJOBHUINE € €IUHUM MeTakoMm rorepoM. I[lpaimroroun y TakoMy CepeaoBHIIN,
KOPHUCTYBay Jiviie (popMye 3aluT Ta 3aBJaHHS Ha pO3B’sI3yBaHHS 3ajiayl. Y Ce 1HIIE METaKOMII FOTep pPOOUTH
caM: IIIyKa€e JOCTYITHI 00YMCIIOBAIbHI PECYPCH, BIACIIKOBYE 1X Mpalle3/1aTHICTh, BUKOHYE TIepeiavy JaHUX,
BUKOHY€ MEPETBOPEHHS JaHUX Yy MOTPIOHUH (popmaT TOIIO.

Onucanuii mpouec Oarato y 4YOMY AaHaJOTIYHHM 1O €JIEKTPUYHOI Mepexl. BMHKaroun YailHUK,
KOPUCTYBau HE 3aMUCIIOETHCS HaJl TUM, SKa Mepeka BUpOOsie enekTpoeHeprito. KopucryBaua noTpioeH
JIMIIE pecypc, BiH HOro BUKOpUCTOBYe. CaMe 3a aHAJIOTIEI0 3 €JIEKTPUYHOIO MEPEKEI0 PO3Io/IlJIeHa 00UnC-
JTIOBaJlbHA CHCTEMa OTpUMaja B aHIJIOMOBHIM sitepaTypi Ha3By "Grid" abo oOuuciroBagbHa Mepexa.
Tepminu Grid Ta METakOMIT FOTHHT BUKOPUCTOBYIOTHCS IK CHHOHIMH.

Ha BiaMiHy BiJ TpaauLiiiHOrO KOMII IOTEpa METAKOMII I0TEP Ma€ UMK Ha0lp MpUTaMaHHUX JIUIIIE HOMY
o3Hak [11]:
® pecypcd METaKOMIT' IOTEPA 3HAYHO HNepesuwyioms PeCcypcd 3BHYAHHOTO KOMIT'IOTEpa II0 YCIM

napamMeTpam: KUIbKICTh ITPOLIECOPiB, 00’ €M mam’siTi, KUIbKICTh aKTUBHUX MPOrpaM, KOPUCTYBaUiB TOIIIO.
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METAKOMIT F0TEP € PO3nOJiTeHUM 33 CBOEIO IIPUPOIOI0. HOro KOMIIOHEHTH MOKYTh Oy/IM BiIJaJeHUMH Ha
COTHI Ta TUCSYl KIJIOMETPIB, 1110 MOXE BIUIMBATU HA ONEPATUBHICTH Ta MIBUJIKICTh B3a€MO/III.

METAaKOMIT FOTEP MOJice OUHAMIYHO 3MIHO8amu KoH@icypayito. Ane g KOpUCTyBadya pobota 3
METaKOMIT IOTEPOM TOBHHHA 3aJIMIIATUCS MPo30poro. CucTeMa KepyBaHHS METAKOMII IOTEpa Ma€ BMITU
IIyKaTH BIAMOBIIHI pECypcH, TIEPEBIpPIIl X Npane3aaTHOCTI Ta PO3IMOLII 3a]1a4, 1[0 HAAXOAATh Y CUCTEMY.
METaKOMIT' IOTEp € HeooHopionum. Ilpum po3moaunl 3aBaaHb NOTPIOHO BpPaXOBYBaTH OCOOIMBOCTI
omneparifHuX CUCTEM, K1 BXOJSATh JI0 MOro CKJIaay Ta MarTh Pi3HI CUCTEeMU KOMaH/I 1 popMaTH JaHUX.
METAKOMIT'IOTEP 00 ‘€0HYE pecypcu pI3HUX YCMAHO8, TOJITHKA JOCTYIy B SKHX MOXE CHIIBHO

BIAPI3HATHUCS.
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3. OCHOBHI IOHATTS TEOPII NAPAJIEJIBHUX OBYUCJEHD
3.1. I'pad anropurmy

bynp-sika mporpama s "3BHYaWHOTO KOMIT'IOTEpa' OMUCye MAESAKY POJMHY anroputmiB. BuOip
KOHKPETHOTO aJropuTMy MpH ii peasizallii BU3HAYAEThCA TUM, SIK "CIPalbOBYIOTH" YMOBHI ONEpaTopH, SKi
3aJIeKaTh B1Jl BXIJHUX JaHUX. ToMy "3BHYAlHUN" KOMII'IOTEP 3aBXKIW BUKOHYE JEAKY IMOCIIIOBHICTh JIH,
AKa OOHO3HAYHO BU3HAYAETHCS NPOTPAMOI0 Ta BXIIHUMH JaHUMH, NMPUUYOMY B KOKHHUM MOMEHT 4Yacy
BUKOHYETHCSI PIBHO OJIHA il

[Hakma cuTyallisi B CUCTEMax 3 MapaliesIbHOI apXITeKTyporo. JUJIsi HUX B KOKHUM MOMEHT 4acy MOXKE
BUKOHYBAaTUCS IUIMK HaOlp omepalii, AKi He 3ajlexaTh OAHa BiJA 1HIIOI. Ha AOBUIBHIN KOHKpPETHIM
napajeibHii cucTeMi 111 HaOopH Ta MOCIII0BHICTh iX BUKOHAHHS OJJHO3HAYHO BU3HAYAIOTHCS MPOTrPaMOI0 Ta
BXIJIHUMHU JaHUMM. Ha pi3HHX cucTemax 111 HabopH Ta MOCH1I0BHOCTI MOXYTh OyTH pizHumu. TUM HE MEHIII,
JUIsl TApAHTYBAHHS OTPUMAaHHSI OJHAKOBOI'O PE3YJbTATy MOPSI0K BUKOHAHHS MOCHIIJOBHOCTI ONepaliid Mae
3aI0BOJILHSATH TIEBHI YMOBH.

Jleski omepailii aaropuTMy BHUKOPUCTOBYIOTH PE3YJbTaTH BHUKOHAHHA 1HIIMX ONEpalii 1 ToMy
0008 's3K080 MarOmv 6UKOHY8amucs MICs UUX onepaiii. TakuM YMHOM Ha MHOXHHI omepaliil po3poOHUK

IporpaMu SBHO YW HESIBHO 3a7a€ ACAKWM "JaCTKOBUU MOPSAAOK'", SIKMH s JOBUIBHUX JBOX OIEpalliid
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BKa3ye, siIka 3 HUX Ma€ BUKOHYBATHUCS paHiile, a0 KOHCTATYeE, 110 OIepailii MOKyTh BUKOHYBAaTHUCS HE3a-
JIEXKHO.

KoskHiil onepallii aliropuTMy CTaBUTHCA Y BIAMOBIIHICTE 8epuiuna epagha. Bepinna rpada 3’ eonyemucs
0y20r0 3 THIIOI BEPIIMHOIO, AKIIO TEpIla BepIInHa Oe3mocepeaHbo Nepeaye 1HIINA (ToOTO pe3ysbTaT
IepIIoi onepallii € apryMeHTOM APYToi onepaiiii). OTpuManuil rpad) Ha3UBAETLC 2paghom anecopummy.

Y MHOXUHI BEepIIMH Tpada TaKOK BUAUISIOTH JABI TPYNH BEPIIUH: 6XIOHI 6epuiuHU, Y K1 HE BXOJUTH
’KOJIHA IyTa, Ta BUXIOHI 8epuiUuHU, 3 SKUX HE BUXOIATh JyTH.

I'pad anroputrmy Mmaie 3aBXKIW 3QJICKUTHh B BXIJIHUX JaHUX. SIKIIO HaBITH y Mporpami BiICYTHI
YMOBHI OIIEpPaTOpPH, TO BIH 3aJIeKUTh BiJl PO3MIPIB BXIJHUX (BHUXIJHUX) MacuBiB, 00 BOHM BH3HAYalOTh
3arajibHy KUIBKICTh OIeparliid, a oTke, 1 BepiiuH rpada. TakuM 4MHOM Ha NPaKTHUIl Mailke 3aBXKJIU MalOTh
CIIpaBy 3 aJITOPUTMaMHU, rpad SKUX € mapaMeTpu30BaHUM. Bl 3HaueHHS mapaMeTpiB 3aJIeKUTh HE TUIbKU
KUTBKICTh BEPIIIUH, a M yCA CYKYIHICTh JYT.

Axmo nmporpamMa He MICTUTh YMOBHHUX OIEPAaTOPiB, TO il CaMy 1 TAKOXK aJITOPUTM, SIKM BOHA PEATi30BYE,
Ha3UBAETbCA  OdemepMiHOBaHUM. ICHye TNpPUHUMIIOBA  BIAMIHHICTD MK  JIETEpMIHOBAaHUMH  Ta
HEJIETEPMIHOBAaHUMU ajdropuTMamu. J[Jisi J€TEpMIHOBAHOTO aJTOPUTMY 3aBXKU ICHYE B3aEMHO OJHO3HAYHA
BIJIMOBIAHICTh MIXK BCiMa OMEpalliiMU Ta yciMa BEpUIMHAMU Tpady aJIrOpuTMy HE3JIEKHO BlJ] 3HAUCHHS

BXIJIHUX MapaMeTpiB. [ HeAepMIHOBAHOTO aJrOPUTMY TaKO1 BIAMIOBIIHOCTI HEMA.
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Hanani, OyayTh po3risiaTHCs JMINE JeTEpMiHOBAHI AJTOPUTMH. IX aHaji3 € HPOCTIIMM, HiXK Y
3araibHOMY BUNAAKy. KpiM Toro, 6arato HeAeTEpMIHOBAHUX aJITOPUTMIB € "Maiike" neTepMiHOBAaHUMU,
TOOTO 3BOJIATHCS JO JIETEPMIHOBAHMUX.

VBeneHuit y po3rimsy rpad aNropuTMy € Opi€HTOBAHMM AlHMKIIYHEM MyJbTurpadgom. MHoro
AlMKJIIYHICTh BUIUIMBAE 13 TOTO, 110 Y JOBUIBHUX MpOorpaMax peaai3oBYIOTh JHUIIE IBHI OOUUCICHHS 1 HISKA

BEJIMYMHA HE BUZHAYAETHCS cama yepes ceoe.
TBepaxenns 6. Hexait G :(V, E) — 3B SI3HUN alMKIIYHUNA rpad, skuil Mae N BepmnH. Toxai icHye

Take 4ucio S <N, 10 ycl BepIIMHU rpada MOKHA TaK IMTOMITUTH OJHHUM 13 1HJEKCIB 1,...,S, M0 SKIIO Jyra

BHUXOJIMTH 13 BEPIINHU 3 1HJCKCOM i Ta BXOJHUTH Y BEPIIUHU 3 1HICKCOM |, TO 1 < |.

I'pad, oTpyumMaHuM y BIJMOBITHOCTI 13 TBEPIKEHHSIM 6, Ha3UBAETLCS CMPO200 NAPALENbHON (HOPMOIO
rpada anroputMmy. I'pyna BeplinH, skl MalOTh OJTHAKOB1 1HJIEKCU Ha3UBAETHCS Apycom TapalienbHOl (popmu,
a KUIBKICTh BEPIIMH y TPyl — wupuroro Apycy. KUIbKICTh sIpyCiB y TapajneibHid (opml Ha3UBAETHCA
sucomoro TapajnenbHoi (opMH, MaKCUMallbHa HIUpUHA sApycy — il wupuroro. BignosigHi "OGoTaHiuHI"

TEPMIHM 3aCTOCOBYIOTHCS TaKOXK 1 0€3MOCEPEIHHO A0 AITOPUTMIB UM IIPOTPaM.

62



Cepen cTporux napaieiabHux Gopm icHye gopma, y sIKii BX1JHI BEpIIUHU MAlOTh 1HAEKC 1, a JOBXKHHA
yCiX NUIAXIiB BiJl TOYATKOBHMX BepIIUH 10 BepiiuH iHaekcy K piBHa K —1. Taka dopma rpada Ha3HBaeThCS
KaHOHIYHOM0 napaienvHoo gopmoro. [Ins 3aganoro rpada oro kaHoHIYHA opma €0uHa.

SKIi10 1719 TpOCTOTH BBAYKaTH, 110 YC1 Olepallii alirOpUTMYy BUKOHYIOTHCS 32 OJIMHUIIIO Yacy, TO BUCOTA
napajenbHoi (opMy aJropuTMy pIBHA 4acy peaizallii aJropurmy. SKIIO aaropuTM peali3oBYeThbCS Ha
"3BUYaitHOMY'" KOMIT FOTEp1, TO yCl SIPyCH mapajienabHoi (OpMH MICTATh OAHY BEpIIMHY. Taka mapaseibHa
dbopMa Ha3UBAETHCSA JIIHIMHOIO.

[Toxazano [1], mo He3amexHO BiJ TOro, sKa IapajenbHa (opMa aaropuTMy peali3yeTbes Ha
KOMII I0TEP1, PE3ybTaT peanizalli Oy/ie OJJHUM 1 TUM CaMHM.

TBepaxkennsn /. Hexail nmpu BUKOHaHHI orneparliii TOMUJIKH 3a0KPYTJICHbh BU3HAYAOTHCS JIUIIIEC 3HAYCH-
HSAMHU apryMmeHTiB. Toal mpu OAHUX 1 TUX CaMMX BXIJHHUX JAHMX yCl peamizailli aJroputMmy, siki BiJIOBi-

JAI0Th OJJHOMY 1 TOMY CaMOMY YaCTKOBOMY MOPSJKY Ha OINepalisx, 1at0Th OJHAKOBHUH pe3yJIbTaT BKIHOYHO

13 MOMUJIKAMH 3a0KPYTJICHb.
3.2. KoHuenuisi He0OMeKeHOro napasesaizmy

[TosBa mepmux mnapajieabHUX OOUYUCIIOBAIBLHUX cUCTeM B 60-x pokax XX CTONITTS 3yMOBHUJIA HEOO-

X1JTHICTh MAaTEMATUYHOI KOHLIETIII TOOYIOBHU napaieibHux aieopummis, TOOTO airOPUTMIB, MPUCTOCOBAHUX
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710 peajizallii Ha TaKux cucTeMax. Toro4acHWM MIBUIAKHN PO3BUTOK €JIEMEHTHOI 0a3u mijKa3yBaB JOCHII-
HUKaM, 110 KUJIBKICTh OOUYHCIIIOBAIBHUX MPUCTPOIB Y CUCTEMI HEBJOB31 MOXKE CTaTH AYKE€ BEIUKUM. Biamo-
BiJIHA KOHIIEIIIIiSl OTpUMaJia Ha3BY KOHYenyii HeooMedNceHo20 napanenizmy .

B oCHOBI KOHUENIi JEXKUTh TMPHUIYLICHHS, [0 aJIrOPUTM pealli3yeThbCid Ha MapayiesibHIN
OOYMCIIIOBANIBHIN CUCTEMI, SIKa HE HaKJIaJa€ Ha HbOI'O MPAKTUYHO HISAKHUX OOMEXKEHb. 3T1HO J1I0 KOHIICIIIii
BBAKAETHCS, 1110

MPOLIECOPIB MOXKE OYTH SIK 3aBI'OJIHO Oararo;

yCI MPOLIECOPU CUCTEMU € YHIBEPCATIbHUMHU;

IPOLECOPH MPAIIOIOTh Y CHHXPOHHOMY PEKUMI;

yCl1 3aam’ ITOBYIOU1 MPUCTPOT CUCTEMHU CH1JIbHI;

nepeaaBaHHs 1HPOpPMAIIli Y CHCTEMI BUKOHYEThCS MUTTEBO 1 0€3 KOH(JIIKTIB.

Konneniiiss HEOOMEXKEHOTO IMapaneiai3My € 17ealli30BaHO0 MAaTEeMAaTHYHOK MOJICILIIO IapajaeabHOI
Oo0UHCITIOBaIbHOI cucTeMH. BOoHa Mae gk CBOI mepeBaru, Tak i HeJloaiku. Po3risHemMo pe3yabTaTt, OTpUuMaHi
Ha i1 OCHOBI.

JI71s1 3HaXOIPKEHHSI pO3B’A3KYy OJIHIET 1 TOT caMoi 3a/1adi MOXXYTh BUKOPHUCTOBYBATHUCS aJITOPUTMH PI3HOI
napayienbHoi ckiagHocti. Cepeg HMX MOXYTh OyTH 1 alrOpUTMM HaWMEHIOi BHUCOTH. Po3risiHeMo

KJIACUYHUI TIPUKJIIAJI, SKUW JEMOHCTPYE MPUHIUNK OOy I0BU AJITOPUTMIB "'Maioi BUCOTH".
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3.2.1. OO0uucjeHHsI 100YTKY eJIEeMEHTIiB MACUBY

Hexailt noTpi0HO 00uncauTy 70OyTOK N unceln a,,a,,...,a,.

Posristnemo Bumagok N=8. Tojal 3BH4YaiiHa cxema, y SKIH peali30BYEThCA MOCTIAOBHUM IIPOIEC
O0OYHUCIIEHb, MA€ HACTYITHUM BUTJISI:

Haui:  @,,8,,8,;,8,,85,8,8;,8

Apyc 1:aa,

Spyc 2:(aa, )a,

Apyc 3: (a132a3)

Apyc 4: (a1azasa )
Apyc 5: (a1a2a3a4as)
Apyc 6: (aiazasa4a5a )
Spye 7:(a2,2,2,28,3, )%

Bucora nmapanensHoi ¢Gopmu piBHa 7, mdpuHa piBHa 1. SAkimo oOuyucooBaibHA CHUCTEMA Ma€ OUIbIIE
OJIHOTO TIPOIIecopa, TO 3a JAHOI CXEMH yC1 BOHU KPiM OJTHOT'O OY1yTh MPOCTOIOBATH.

Hactynna mnapanenbHa ¢opma IHIIOTO alrOpuTMy OOYHUCIEHHS JOOYTKY BHUKOPHUCTOBYE MPOIECOPH
OB €PEKTUBHO:

llaHiI ai,a21a31a4la51a6’a7’a8
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Apyc l:a,8, a3, aa; a8

Spyc 2:(a@, )(a:a,) (8:3)(3,)

Spyc 3: (a1azaaa4) (a5a6a7a8)

Bucora napanenbHoi (gopmu piBHa 3, mupuHa piBHa 4. CyTTeBE 3MEHIICHHS BUCOTH 3YMOBIICHE
O1TBIIIMM 3aBAaHTAKEHHSIM MPOLIECOPIB BUKOHAHHSIM KOPUCHOI pOOOTH.

BianoiaHi rpadu onucanux anropuTMmiB HaBeaeH1 Ha puc. 30 (MOYaTKOB1 BEPIIMHU CUMBOJII3YIOThH BBI/T

TAHUX).

- —>»0 0 00— —>0

AVARVARN

Puc. 30. ITocnigoBuuii rpad ta rpad anroputMy '3ABOEHHS"

OcTaHHs cxeMma OYEBUJIHUM YMHOM PO3MOBCIOJKYETHCS HAa BUNAJOK JMOBUILHOTO N. [[ns ii peamizarii

NOTPIOHO HAa KOXXKHOMY SIpyCl BUKOHYBaTH MAaKCUMAJIbHO MOXKJIMBY KUIBKICTh MHOXEHb IMap 4HUCEN, fKl
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OTpUMaHl Ha MONEpPeHbOMY spyci (1 HE MalOTh CHUIBHUX MHOXHUKIB). B 3arajibHOMYy BHMIaJKy BHCOTa

napaienbaoi popmu piBHa | 10g, n |, | @ | o3Hayae "waiiOmmkye 3Bepxy" 10 « e uucio. Llg napagenbHa
2

. n . . .
dopma moxxe OyTH peanizoBaHa Ha [EJ npolecopax, MpUYoOMy CTYIIHb 3aBaHTAKEHOCTI IPOIIECOPIB

3MEHIIYEThCA BiJ sIpycy 10 sApycy. [Iporiec moOy10BH €1€MEHTIB KOXKHOTO SPYyCy HAa3WBAETHLCA MPOIIECOM
3080EHHSL.

3 BUKOPHUCTAaHHSIM IMPOLECY 3ABOEHHS MOXXHA OyAyBaTH aJTOPUTMH JIOTapU(PMIYHOI BUCOTH ISt
OOUYHCIICHHS 3HAY€Hb JOBUILHOI acCOIIATUBHOI OIlepallli, HANpPUKIAJ 0JIaBaHHS BEKTOPIB, MHOKCHHS

MaTpHIlb 1 T. II.

TBepaxenns 8. Hexail ¢yHKIS CYTTEBO 3alie’KUTh BiJi N apryMEHTIB 1 300pakye€ThCs Yy BUIVISII
CYyHEepIo3ullli CKIHYEHHOI KUIBKOCTI OMepallii, KoKHa 3 AKUX Ma€ He Oulblie P aprymeHTiB. [Ipumyctumo,
10 3Ha4YeHHsS (DYHKIIT OOYHCIIOETHCS 3a JIOMOMOTOI0 JESIKOT0 aIrOPUTMY 3 BHUKOPHUCTAHHSM THX CaMMX

onepamiid. Toxi sKIo S — BuUCOTa anroputMmy (6€3 ypaxyBaHHAM BBOIy JaHux), To S >log n.

Axmio geska 3ajada Ma€ N BXIIHUX JaHUX, TO MOYKHA B 3araJIbHOMY BHUITQJIKy MOKHA pPO3PaxOByBaTH Ha

ICHYBaHHs aJrOpUTMy 1i pO3B’sI3aHHSA i3 BHCOTOIO He Oinbimie, HDK logn. SIkmo BaaeTbes po3poOUTH
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anroput™ BucoTu 10g“n, ne « >0, To Takuii aNITOPUTM MOYKHA BBAXKaTH JIOCTAaTHHO €(DEKTUBHUM 3 TOYKH

30py MOro peaizallii Ha mapajieabHi 00UHUCITIOBAIBHIN CHCTEMI.

3.2.2.00unciaeHHsI 100YTKY MAaTPHLi HA BEKTOP

Hexaii BekTop Y :(yl,..., yn) OOYHCITIOETRCA K JOOYTOK KBaapaTHOI MaTpuil A= (aij ) (i, j=1..., n)

Ta BeKTOpa X =(X,,...,X, ), TOOTO

n
Yi = Zaijxj :
=1
[IpumycTuMo, 10 OOYMCIIIOBAaIbHA cUcTeMa Mae N° mporecopiB. Toii Ha MEpHIOMY KpOLi MOXKHA

napajieIbHO OOYMCIIUTH YCi n’ OOy TKIB ;X;, a MOTIM, 3 BUKOPHUCTAHHSAM CXE€MHU 3JIBOEHHS JJIS I0JIaBaHHS,
3a [Iog ) n_| KPOKIB OOYHMCIIUTH TapaliedbHO yCi N CyM, K1 BU3HAYAIOTh KOOpAUHATH BekTopa Y. TobTo, Mu
OTpUMAJId AJITOPUTM OOUYMCIIEHHS AOOYTKY KBaJpaTHOI MATpPHIll Ta N-BUMIPHOTO BEKTOpa, SKUM Mae
IIMPHHY N° Ta BHCOTY flog2 n_|. [Ipu 11bOMYy OPOIECOPU BUKOPUCTOBYIOTHCS HEPIBHOMIPHO. Y Cl MPOIECOPH

3a/isiH1 TIIBKM Ha TepumiomMy Kpoii. Jlaml KUIbKICTh TpaliolouuX MPOLIECOPIB 3MEHIINYEThCS YJBIUl Ha

KO>KHOMY KPOIII.
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3a JOMOMOIOI0 aHAJOTIYHUX MIPKYyBaHb OYJIye€ThCA TMapajeibHUM aJrOpUTM PO3B’SI3yBaHHS 3ajadl
MHO>KE€HHS JIBOX KBaJpaTHUX MaTpullb. [[t0 3a7auy MOKHA 3BECTH J10 N 3ajJa4 MHOXXEHHS IMEPINOoi MaTPHIIli
Ha TMOCJIJOBHI CTOBII JPYroi MaTpuill. SKIIO0 BUKOPUCTATH MOMEPEAHINA alrOpUTM, TO OTPUMYEMO
aNrOPUTM, IKUU MA€ BUCOTY MOPIAAKY |Og2 N Ta IUPUHY n’.

Cii1 3BepHYTH yBary Ha Te, 110 Y PO3TJISHYTHX MapajeIbHUX BEPCisIX aIrOpUTMIB MHOXCHHS MAaTpPHUIlh
Ta BEKTOPIB BHUHUKA€ HEOOXIJIHICTh OJHOYACHOI'O HAJACWJIAaHHA OJHHUM 1 THUX CaMHUX JIaHUX Ha pi3HI
nponecopu. Taki oneparii He MOKHAa BUKOHATH Jy>Ke€ MBUAKO. TOMy Ha MpakTUIll MPOILIEC OOYUCITIECHb MOKE

3HAYHO YMOBUIHHIOBATHCS.
3.2.3. Hepnoaiku koHueniii HeOOMeKeHOI 0 mapaJjiesizmy

3 BUKOPHUCTAHHSIM KOHIIEMIII HEOOMEXEHOro MapajesnizMy po3po0JIeHO BEJIMKY KUIBKICTh aJlTOPUTMIB
HEBEJIMKOI BUCOTH. 3 ACIKMMH 3 HUX MOXKHA Mo3HaromuTucs B [1, 5].

OpHak cail 3a3HAYMTH, MO0 MEPEBaXKHA OUIBIIICTh 3 WX aJrOPUTMIB BUSBUJIMCS MPAKTUYHO
HEeMPUIATHUMH Ha mpakTuili. OCHOBHI NPHUYMHU I[bOTO — BEJIMKA KUIBKICTH HEOOXiTHHUX IIPOIIECOPIB,
CKJIaaH1 1H(OpMAIlIHI 3B’SI3KM MIXK omepauisiMyd, KatacTpodiuHa OOYHMCIIIOBaJIbHA HECTIHMKICTh, BEJIMKA

KUIBKICTh KOH(JIIKTIB Mam’SIT1.
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Jloka3u MNpakTUYHOI HENPUAATHOCTI QJITOPUTMIB 3 BUKOPHUCTAHHSM KOHIIEMII HEOOMEXKEHOTO
napajgesnizsMy MOKHA TaKOK OTpPUMAaTH IPOAHaNI3yBaBIIM THUIOBI MPUKJIAIHI MOPOrpaMHl TAKETH, SKI
MOCTAYalOThCS Pa3oM 13 MOIMYJSIPHUMH MapalieIbHUMU OOUYUCTIOBalbHUMU cucTteMamu. Ilo cyTi, yci BoHU
CKJIQJIAlOThCA 13 TporpamM, sKi peali3yloTh TI caMi METOAM, sKi Jo0pe cebe 3apeKOMEHIyBaJIM Ha
MOCJIIOBHUX KOMIT't0oTepax. PeanbHO B JesIKiii Mipi BUKOPUCTOBYETHCS JIMILE MPUHLMI 3ABOEHHS IS
OOUYHCIICHHA CYyM Ta JOOYTKIB YHCEIL.

3.3. BHyTpimHiii mapaJesizm

VY mporieci TpUBajIOro BHKOPUCTAHHS IMOCTIJOBHUX KOMII'IOTE€pIB OyB HAKONMMYCHMI 3HAYHUM Oarax
OOUYHCIIIOBAILHUX AJTOPUTMIB Ta mporpaM. IlosBa mapajeabHUX KOMIT IOTEpIB MOBUHHA Oyja 3yMOBUTHU
PO3pOOKY HOBUX €(PEKTUBHUX TapajieIbHUX METOJIB. AJie Ha MPaKTHIll OO HE BiAOyiocs. ToMy mocTae
NUTaHHSA, SIK TOJIl pO3B’A3yBaTH 3a7a4l Ha MapajebHUX KOMIT IoTepax?

BiamoBigs Ha MOCTAaBICHE MUTAHHA y TepMIHAX migpo3ainy 2.1. 3BOAUTHCSA 10 HACTYMHOro. BizbmeMo
JIOBUTLHMI TPUAATHUN aJITOPUTM, 3alUCAaHUM Yy BHUIJISAAI MaTeMaTHYHHUX CHIBBIAHOIIEHB, ITOCIIJTOBHHMX
nporpaM 4 SIKUMOCH 1HIIMM crocoOoM. IIpumyctumo, mo ais 1miei ¢popMu 3amucy moOyaoBaHO rpad
anroputMmy. IlpunmycTuMo TakoX, IO IS Oro rpada 3HaljeHO MapaneiabHy (Qopmy 13 HOCTAaTHHOIO

MUPUHOIO spyciB. Toal pO3rISAHYTHI anropuT™, NPUHANMHI MOPUHIMIIOBO, MOXXHA peai3yBaTH Ha
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napajieibHIi 00UMCIIOBAIbHINA cUCTeMI. BakiIMBO 3ayBa)KWTH, 11O 3TIAHO 3 TBEPUKEHHSM [, TapajeibHa
peaiizailiis OyJie MaTH Taki cami 0OYMCIIIOBaIbHI BIACTUBOCTI, 110 ¥ 3BMYaliHa. 30KpeMa, YNCEIbHO CTINKU
MOYATKOBHUI alNropuTM 30epirae 10 BJIACTUBICTh 1 y mapaienbHiii (opmi. [lomiOHuil mapanenizm y
QITOPUTMAX OTPUMAB HAa3BY GHYMPIUIHbO2O NAPAIENIZM).

BusBuiocs, mo ©Oarato icHyrouux e(GEeKTUBHHX IOCTIJOBHUX aJTOPUTMIB MarOTh 3HAYHUM 3amac
"BHYTpIIIHBOTO TapajienizMy''. CKIIaIHICTh HOJISITAE JIUIIE Y TOMY, SIK BUSIBUTH LIEH Mapajieiizm.

3.3.1. TIlapajenizm y aaropurMi MHOKEHHSI MATPHUIlb

Posrnsaemo nHactymuuii mpukiaa. Hexait motpioHo oOumciautu q006ytok A= BC nBox kBagpaTHHUX

Matpullb B Ta C nopsaky N. 3riIHO BU3HAYEHHS Ollepallli MHOKEHHS MaTPHLIb

aijzzn:bikckj, (i,j=1...n). (6)

Cami 111 hopMyJIM HE BU3HAYAIOTh aJITOPUTM OJHO3HAYHO, OCKUIBKM HE BKA3aHO MOPSAO0K OOUYMCIICHHS

CyMu nomankiB b, C,. OmHak Bigpasy NMOMITHHM € TapanenisM o0uucieHb. Bin mossrae y BinCyTHOCTI

BKa31BOK PO SIKOTO-HEOYIb MOPSAIKY ITepedopy 1HACKCIB i Ta |.
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Ski1o omneparlii MHOXEHHSI Ta JOJaBaHHS BUKOHYIOThCS TOYHO, TO YC1 MOPSIAKUA MiJCYMyBaHHS y (6) €

€KBIBaJICHTHUMH 1 IPUBOJISITH JO OJTHOTO 1 TOrO caMoro pe3yibTary. Hexail BuOpaHo HACTYIHUN aJIrOpPUTM

peamnizaiiii popmyi (6):
al” =0,
al =alV +b,.cy, (i,j,k=1...,n), (7)
a; =a".

3HOBY SIBHO BKa3aHO Iapajieii3M nepedopy iHaekcis i, . OgHak mo iHaekcy K mapanenizmy BxKe HeMa, TaK K
IeH 1HAEKC Ma€e MociIiioBHO niepedupaTucs Bix 1 1o N (sx e BummmuBace i3 popmyinu (7)).

[Tooynyemo Ttenep rpad anroputmy (7). IIpm moOynoBi rpada He OyAuMO BpaxoByBaTH MHPUPOIY
ejaeMeHTiB MaTpullb 4, B ta C (MOXXHA BBa)XaTH iX €JIeMEHTaMM OJHOTO 1 TOr0 caMoro Kuiblid). Bepmmau
rpad)a He MOXHA PO3TAlIOBYBaTH MOBIIbHUM 4YMHOM. [IpuilHATHUI CriociO po3TalllyBaHHS ITIJIKA3y€ cam
Buriiin dopmyn (7). Enementu rtpady OyaemMo po3TallOBYBaTH y By3JlaxX IMPSIMOKYTHOI TIpPaTKd Y
TPUBUMIPHOMY TIpocTOpi. AHamizyrouu Gopmyny (7) HEBAKKO MOMITUTH, 1110 Y BEPIIMHY 3 KOOpAWHATAMU

(i, J, k) Oyne mepeaaBaTUCs Pe3yIbTaT Oneparlii, IKii BiMOBIa€ BEPITMHA (i, jk—1).
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I'pad anroputMy BIAIITOBAHMI JOCTATHLO NPOCTO. BiH po3majaeThcs HA N° HE3B’SA3HMX KOMIIOHEHT.
KoxxHuii miarpad MicTHTh N BepIIUH 1 ABJIIE COOOO JIAHITIOT, PO3TaIllIOBaHUN MapaieabHo oci K. Y Bumaaky

n =2 rpad HaBeaeHuit Ha puc. 31, a.

)
-

Puc. 31. I'pad anroputMy MHOKEHHSI MaTPHUIIb

V moBHOMy rpadi TPUCYTHS MHOXHHHA PO3CHIKA JaHWX. EjemeHt b, poscumaerbcs mo ycim

BEpIIMHAM, SKI MalTh Ti cami 3HaYeHHsS KoopawHaT i Ta K. Jnsg Bumagky N=2 BiANOBIAHI PO3CHIIKH
eJIeMEeHTIB MaTpullb B Ta C HaBeneHi Ha puc. 31, 6. HaBenenuii npukiag TakoX JEMOHCTPYE, SIK BaXKJIMBO

NpaBUWJIbHO PO3TAIIOBYBATH BEPIIMHU Tpada.
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Cnig 3ayBakKUTH, IO SKIIO J0JaBaHHA y (6) BHUKOHYETBCS 3a CXEMOK 3JBOEHHS, TO KOXXHHUH

BEPTUKAIBHUM JIAHITIOT y Tpadi Mae OyTH 3aMiHEHHI Ha JIEpeBO, HaBeAeHe Ha puc. 31.
3.3.2. IlapaJjenizm y aJaroputmi po3B’si3yBaHHsI CUCTEMH JIiHIHHUX aJreOpaivHuX PiBHAHD

Hexait moTpiOHO 3HAWTH PO3B’SI30K CUCTEMH JIHIHHUX anreOpaidHux piBHSIHb AX =D 3 HeBHpomKEHOIO
TPUKYTHOIO MATPHIICIO TTOPSAKY N METOJ0M 3BOPOTHOI mijcTaHOBKU. [IpumycTumo, 1o MaTpuIls A € JiBOIO

TPUKYTHOIO MATPHUIICIO 3 OAUHUYHOO JIarOHAILTIO. To/1 MaEMO
i—1
X =b, x=b->ax,(2<i<n). (8)
j=1

[le# 3amuc TakoX HE BH3HAYAE€ AJITOPUTM OJHO3HAYHO, 00 HE BKa3aHO MOPSAOK OOYMCIECHHS CYM.

Po3risitnemo HacTynHe yTOYHEHHS IIporecy (8):

Xi(O) :bi’
XV =xY —ax\ =120, j=12,...,i-1 (9)
x =x""Y.

OCHOBHa orepallis aaropuTMy Mae BUrisag a—bC. BoHa BUKOHYETBCS JIJIS YCiX JOMYCTHMHMX 3HAYCHb

iHaekciB i Ta |. Jns moOymoBu rpada aaropurMy B JACKAPTOBIM CHUCTEMI KOOPJIWHAT 3 OCSAMH i Ta |
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noOylyeMO TPSMOKYTHY CITKY 1 pO3MICTUMO y By3nax npu 2<i<n, 1< j<i-1 BepmunHu rpada, sKi
BIJIITOBIIalOTh omeparisiMm a—bc. Takox 300pa3uMo Ha rpadi BepIIMHU, K1 BIAMOBIIAIOTh, BBOIY BXITHHX

nanux @; ta b;. Iei rpad s Bunmagky N=35 300paxeno Ha puc. 32. BepxHs KyToBa BEpIIMHA BiAIOBiIAE

3HaxoAuThCs y Touli (1, 0).

Puc. 32. I'pad a5 anroputMmy 3BOPOTHOI MIJICTAHOBKH (9) 1711 TPUKYTHOT CUCTEMU
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Ha mnpomy pucCyHKY 300pakeHa OJHA 13 MaKCUMaJbHUX MapajenbHux ¢opm. [i gpycu mnomiveHi

MyHKTHPOM. L[st mapanenbHa opma cTaHe KaHOHIYHOKO, SIKIO BEPUIMHY, BIIMOBI/HI 32 BBIJ] €JIEMCHTIB &,

pO3TalllyBaTH Yy MEPIIOMY SIpycCi. 3arajibHa KUIbKICTh sIpyCiB (0€3 ypaxyBaHHs BBOy) piBHa N—1.
Bubip 3pocTarouoro mo j HanmpsMKy JoAaBaHHA y (8), ssKuid Ipu3BiB 10 anroputMy (9), OyB 3po0ieHui,
B3araji Ka>Ky4u, BUIQJIKOBO.

AHaJOTiYHO MOXXHA TOOYIyBaTH aarOpUTM 3BOPOTHOI ITJICTAHOBKH 3 BHKOPHUCTAHHSM JOJIaBaHHS 3a
cHaJaHHsAM 1HJICKCY |

x =p,

XV =x" —ax\V =120, j=12,..,i-1, (10)

x =x""Y.

Binnoignuii rpad mis Bunaaky N =5 HaBeaeHo Ha puc. 33. Tenep BepxHs KyToBa BeplIMHA pO3TalllOBaHa

y Toui (1, 1).
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Puc. 33. I'pad mis anroputmy 3BOPOTHOI MiIcTaHOBKH (10) /151 TPUKYTHOT CUCTEMHU

[TpoOyroun po3rairyBaTH BEPIIMHH, SIKi BIANOBIIAlOThH omepailisiM a—DC, 3a spycamu xoda O opmHiel
napanesbHol GopMHU, TPUXOAUMO O BHUCHOBKY, IIO TE€HEP Y KOKHOMY SIPYCl 3aBXAU MOXKE 3HAXOJUTHUCA
TUIbKU OJIHa BepiirHa. Llel ¢akT MosICHIOETHCS TUM, 10 yC1 BepIIMHU rpada Ha puc. 33 jekaTh Ha OTHOMY

NUISIXY, SIKUA MO3HAYEHU HA PUCYHKY MYHKTUpPOM. TOMy 3arajibHa KUIbKICTh gApyciB aniroputmy (10), ski

MICTAThH OIepallii BUrisgmy a—bC, 3aBKau piBHA (n2 —n+2)/ 2, mo Habararo Ourpire 3a umciio N—1 —

KITBKICTB SPYCiB JIJIS BIATIOBIAHUX Omepaliiil y aaroputmi (9).
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OTpuMaHuil pe3ysbTaT € JO0CUTh HecmoaiBanuMm. OoOuasa anroputmu (9) Ta (10) mpuszHayeHi s
pPO3B’sA3yBaHHS Ti€l camoi 3a7ayi 1 po3poOiieHi Ha ocHOBI dopmyn (8). OOuaBa ajaropuTMu aOCOJFOTHO
OJIHAKOB1 3 TOUYKHM 30py iX peaiizallii Ha 0araTompoleCOPHil CUCTEMI, OCKIJIbKU MOTPEOYIOTh BUKOHAHHSI
OJIHAKOBOI KIJIbKOCTI OIepaliiii MHOXEHHSI Ta BIAHIMAHHS 1 OJIHAKOBOT'O 00’ €My Mam’sITi 1 € €KBIBAJICHTHUMHU
3 TOUKH 30py MOMUJIOK 3a0KPYTJICHHSI.

TuM He MeHII, napajieiabHi rpadu AIrOPUTMIB MPUHITUIIOBO P13HI. SKIIO 11 aITOPUTMH peali3yBaTH Ha
napajenbHiii CUCTeM1 3 N yHIBepCaJIbHUMHU IIpoliecOpaMH, TO aaroput™Mm (9) MokHaA peandizyBaTH 3a 4ac,
npornopuiifauii N, a aaroput™m (10) — nuiue 3a yac nponopuiiiHuii N°. Y mHepHioMy BHIAIKy 3aBaHTA-
EHICTh IpoliecopiB Oim3bka 10 0,5, a y apyromy — 10 0.

TakuM YMHOM, aJrOpUTMH, IIUIKOM OJHAKOBI TpPH MOCHIJOBHIN peani3ailli, MOXYTh BHUSBUTUCS
NPUHIIMIIOB] BIIMIHHUMU MPH peaiizallid Ha napajeibHIi 00YUCIIOBAIbHINA CUCTEMI.

B npomy, B3araii Kaxxyuu, 1 HoJisira€ OCHOBHA CKJIAJHICTh MPOrpaMyBaHHSI IPOTPAMHOIO 3a0€3MEUCHHS

IR | 00YHCIICHD Ha ImapaJICJIbHUX KOMH’IOTean.
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4. MTIPOT'PAMYBAHHS 3 BUKOPUCTAHHSAM ITOTOKIB

baraTo3zaga4HicTh MIATPUMYETHCS MPAKTUYHO yCIMa CYYaCHUMHM ONEpalliiHUMU cUcTeMaMHu. IcHye aBa
TUNA Oarato3ajayHoCTl: Oarato3ajadyHiCTh, 3aCHOBaHA Ha Mpollecax Ta 0araTo3ajadyHiCTh, 3aCHOBaHa Ha
MOTOKAaX.

barato3amadyHicTh Ha OCHOBI BHKOPHUCTaHHSI TPOIECIB Ja€ 3MOIYy OJIHOYaCHO BHUKOHYBaTH Ha
KOMIT IOTEP1 AeKUIbKa mporpam. IIpu nbomy mporpama € HalMEHIIOK OJWHUIICIO, SIKOK MOXE KEpyBaTH
IJIaHyBaJIBLHUK OIepaliiHoi cucteMu. KoxxHui npoliec noTpedye OKpeMui aipeCHUM MpOoCTip.

barato3amadHicTh, 3aCHOBAaHA Ha IOTOKAaX, BHMAara€ MEHIIUX BUTPAT OOYHUCIIOBAIBHUX PECYPCIB,
OCKUIBKM TOTOKM OJIHOTO IPOILIECY BUKOPUCTOBYIOTh CIHUIBHUK aipecHuil mnpoctip. IlepemukaHHs Ta
KOMYHIKaIlli MK TOTOKaMH TaK0XX MNOTPEeOYIOTh 3HAYHO MEHINOI KUIBKOCTI pecypciB. MiHIMaJIbHUM
€JICMCHTOM KEPOBAHOT'O KOy IpH 0araTo3agadyHoCTi Ha OCHOBI MOTOKIB € noTik (thread).

VY Java ta C# npucyTtHs BOyJ0BaHa MiJATPUMKA MPOTPAMYyBaHHS 3 BUKOPUCTAHHSM KIJIBKOX MOTOKIB.
[IporpamMa mMoXke MICTUTH KiJIbKa YaCTHUH, K1 BUKOHYIOTHCS OJHOYacHO. Hampukiasa, TeKCTOBUN pelaKkTop
MOXe (popmaTyBaTH TEKCT 1 MapajiesbHO APYKyBaTH KHoro Ha npuHTepl. KoxHa Taka 4yacTMHa mporpamu
Ha3MBA€ThCA IIOTOKOM 1 KOXHHMH TMOTIK 3aJa€ OKpeMHUW MUISX BHUKOHAaHHA Tmporpamu. ToOTo,

0araTomoTOKOBICTh € CIeliaai30BaHOK (HOPMOIO Oararo3agayHoCTi.
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[linTpuMka 0araTornoTOKOBOCTI Ja€ 3MOry MHcaTd €(PEeKTHUBHI MPOrpaMH 3a PaxyHOK BUKOPHUCTAHHS
ycix pecypciB nporecopa. Ille oaHiero mepeBarorw 0araTonOTOKOBOTO IMPOrpaMyBaHHS € 3MEHIIICHHS 4acy
ouikyBaHHS. Lle € BaXJIMBHUM ISl IHTEPAKTUBHUX MEPEKEBUX CUCTEM, JJIS SIKMX OUYIKYBaHHS Ta MPOCTIH €
3BUYHUM siBUIlleM. Hamnpukiaa, MBUIKICTh Mepelradl JaHUX MO MEPEeXl CYTTEBO HIDKYA 3a IMIBUIKICTH
OOpOOKM JTaHUX Yy MeEXKaxX JIOKaJIbHOI (PaiioBOi CUCTEMH, SIKa Y CBOIO UEpry 3HAYHO HWKYA 3a HMIBUIKICTH
OTNpAIfOBaHHA JAaHUX IEHTPAJbHUM IPOIECOPOM CHUCTEMU. B 0AHO MOTOKOBHX Mporpamax MOTPiOHO
OUYiKYBaTH 3aBEPIICHHS MOBLIBHUX omeparliii o0OpoOku JaHux. ToMy dac MpOCTOK MOXKE OyTH 3HAYHUM. Y
0araTomoTOKOBHUX IIporpamMax 3a Ieil caMuil yac MOXKHA TNapajebHO BUKOHATH P "IBUAKUX' OINepalrii.

[Ipu ibOMy 0araToOnOTOKOBI MPOrpaMy BUKOPUCTOBYIOTHCS K HA OJIHO-, TAK 1 HA OaraTosiICPHUX CUCTEMAaX.
4.1. IlorokoBa Mmoaeasb y Java

VYea  Oi0mioTeka KiaciB  Java COpoEKTOBAaHAa TaKMM YMHOM, 1100 3a0€3MEeUUTH  MiATPUMKY
0araTormoTOKOBOCTI.
[lepeBara 0araTormoTOKOBOCTI TOJIITAE y TOMY, IO HE BUKOPHUCTOBYETHCS MEXaHI3M IHUKITYHOTO

ONUTYBaHHA 4yepru noaii. OUH NOTIK MOXe OyTH NMPU3YNUHEHUN 0€3 3yNTUHKH THIIUX.
[TOoTOKM ICHYIOTbh Y KIJTBKOX CHAHAX:

1. NOTIK BUKOHY€ETHCS;
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MOTIK TOTYETHCSA JI0 BAKOHAHHS,
MOTIK MPU3YIHUHEHUM (3 MOKIMBICTIO BITHOBJICHHS);
. poOOTa MOTOKY BiHOBJICHA;

ITOTIK 3a0JIOKOBAHHIA;

o oA W N

MOTIK IepepBaHui (HE MOXe OyTH BIJTHOBJICHUN ).

Java npucBoroe KOXHOMY IIOTOKY #mpiopumem, SIKUA BHU3HAYa€ IOBEAIHKY I[bOIO MOTOKY IIO
BIJHOIIICHHIO JI0 IHIIMX MOTOKiB. IIplopuTeTH MOTOKIB 3aJal0ThCs IIJIMMU YHMCIAMH, SKi BKa3yHOTh Ha
BIJIHOCHUM MPIOPUTET MOTOKY IO BIAHOIIECHHIO 1O IHIMMX MNOTOKiB. CiiJ 3a3HAYUTH, IO MIBUIKICTH
BUKOHAHHS TIIOTOKY 3 HHU3bKUM TIPIOPUTETOM He GIOpI3HAEMbCA Bl MIBUJIKOCTI BUKOHAHHS
BUCOKOIIPIOPUTETHOTO MOTOKY, SKIIO MOTIK € EAUHUM MOTOKOM Ha JJAaHUH MOMEHT. AJi€ MPIOPUTET CYTTEBO
BIUIMBAE€ Ha MPOIIEC MEPEXO0aYy BiJi BUKOHAHHS OJHOTO MOTOKY JIO 1HIIOIO y BHIIAJIKy 0araTornoTOKOBHX
nporpam. Llei npoiiec HOCUThL Ha3BY nepemukanHs koumekcny. [IpaBuina nepeMruKaHHs KOHTEKCTY:

1. IToTik MOXe 000posinbHO nepedamu Kepy8anus. [ bOro MOXKHA SIBHO TTOCTYIUTHCS MICIIEM Y Yep3i

BUKOHAHHS, IPU3YTIMHUTH MOTIK UM OJIOKYBAaTH HA 4aC BUKOHAHHS BBOAY-BUBOAY. [Ipu 1iboMy yci 1HIIII

MOTOKH TMEPEBIPSIOTHCA 1 PECYPCH MPOIIECOpa MEPEJAITHCS TOTOBOMY JI0 BUKOHAHHSI TTOTOKY 3 MaK-

CUMAJIbHUM TIPIOPUTETOM.
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2. Ilotik Moxke OyTU nepepsanuti iHWUM OilbWl NPIOPUMEMHUM NOMOKOM. Y 1bOMY BHUIAJKY
HU3BKOINIPIOPUTETHUN TIOTIK, SIKMM HE 3aiiMae MpoIecop, MPHU3YNHHSIETHCS BHUCOKOMPIOPUTETHUM
NOTOKOM HE3aJIEXKHO BiJ TOro, 1o BiH poOuTh. Llel MeXaHI3M Ha3WBAETHCA Oa2amo3adauHicmio 3
sumucrennsim (200 bacamoszadaunicmio 3 npiopumemonm).

Y BUMAAKy, KOJH JiBa MOTOKHU 13 OJHAKOBUMHM IMPIOPUTETOM MPETCHAYIOTh Ha Te, MO0 BUKOPHUCTATH
IPOLIECOP, CUTYAIlisl YCKIaAHIOEThCA. Y omepaliiinii cuctemi WIiNndows 1ii mOTOKU AUISTh MK COOO0 Yac
mporecopa. Y 1HIIUX OMNEpaliiiHuX CUCTeMaxX IMOTOKH MOBHHHI MPUMYCOBO TE€peaaBaTH KEPYBaHHS CBOIM

"poanyam".
4.1.1. CunxpoHi3amist

baratonoTokoBiCTh Haja€e MNporpamMaM MOXJIMBICTh ACHHXPOHHOI ToBeAiHKHU. IIpoTe y Oarathox
BUMNAJKaX MPHU CIIILHOMY BHUKOPUCTAaHHI JIaHUX KUIbKOMa MOTOKAaMHM BHHHUKAE MOTpeda y CHUHXPOHI3AIIi].
Hanpuknan, npu CHUIBHOMY BHKOPHCTaHHI 3B’SI3HOIO CIIMCKY MOTPIOHO TMeEpeadadyuTd MOKIMBICTD
3a00pOHM OJHOMY IIOTOKY 3MIHIOBaTH JaHl I[bOI'O CIHMCKY, MOKH 1HIIWKA TMOTIK 3YUTY€E E€JIEMEHTH I[bOTO
cnucky. [nsg mporo y Java BHKOPHUCTOBYETHCS JOOpe BIAOMHUN 13 TEOPli MIKIPOLECHOT CUHXPOHI3AII
MeXaHI3M, SKUi Mae Ha3By "MoHiTOp". Mownimop OyB po3pooOnenuit U. Xoapom. HedbopmanbHO MOXHA

CIPUIAMATH MOHITOP SK JY’KE€ MaJ€HbKY CKPUHIO, Y Ky B OJIMHUI[IO YaCy MOXHa "TIOMICTUTH" JIMIlIEe OAUH
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NOTIK. SIK TIIbKM MOTIK "yBIHIIOB" Yy MOHITOP, YC1 1HII MOTOKH MOBHUHHI Y€KAaTH, MOKHU MOTIK HE BUHJE 13
MOHITOpa. TakuM YHWHOM MOHITOp MOXE OyTH BUKOPUCTAHUM O/ 3axXucmy CHiIbHUX pecypcié 8io

0OHOYACHO20 BUKOPUCMAHHS OLTBIIIE HIK OJTHUM ITOTOKOM.
4.1.2. Knac Thread Ta inTepdeiic Runnable

baratonoTrokoBa cuctema Java BOyaoBaHa y kjac Thread, Moro MeToau Ta JOMOBHIOIOYUM HOTO
iHTepdeiric Runnable. Kimac Thread 1HKancyntoe NOTIK BUKOHAaHHA. J[JIs TOrO, 1100 CTBOPUTH HOBUU
TMOTIK, MOTPIOHO 200 pO3MMPUTH Ki1ac Thread (IUIIXOM HACTiAyBaHHS BiJl HbOI0) a00 peaizyBaTH y Kiaci
iHTepdelic Runnable.

Knac Thread BuU3Ha4ae psiji METOIB, SIK1 JOIIOMAararOTh KEpyBaTH MOTOKaMU. [[eskl 3 HUX HaBEJCHI Yy

HACTYIIHIN TaOJUIll
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Tabnuist 2
Meroau kepyBaHHS MOTOKaMu kinacy Thread

MeTtoz IIpu3HayeHHA

getName OTpuMaru iM’s IOTOKY

getPriority | OTpumaTu NpiopuTET MOTOKY

isAlive Bu3HaunTH, 41 BUKOHYETHCS MTOTIK

join OuikyBaTHy 3aBEpUICHHS] BUKOHAHHS MOTOKY

run BxigHa TO4YKa MOTOKY

sleep [Ipu3ynuHUTH BUKOHAHHS ITOTOKY Ha 3aJaHU IHTEPBAJ Yacy
start 3aIyCTUTH MOTIK HA BUKOHAHHS BUKJIIMKOM HOTO METOAY run

4.1.3.T0J10BHHH NOTIK

Konu 3amyckaerbest Java-miporpama, MOYMHAE BUKOHYBATUCS OJMH MOTIK, SIKMM 3a3BUYail Ha3MBAIOTH
rojoBHUM ImoTokoM (Mmain thread) nporpamu. I"ooBHUIT OTIK ITpOrpamu:
1. ITopomxye ycl JOUipHI TOTOKH.
2. YacTo moBHHEH OyTH OCTaHHIM MOTOKOM, SIKHUM 3aBEpIIy€ BUKOHAHHSI, TaK SIK BUKOHY€ PI3HOMAaHITHI
mi.
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He nuBnsyuch Ha Te, IO TOJOBHUU TMOTIK CTBOPIOETHCS aBTOMATMYHO, HUM MO’KHA KEpyBaTH 3a
JOTIOMOT 010 METOAIB 00’ €KTy KJ1acy Thread. /g oro noTpiOHO OTPUMATH MTOCUJIAHHS HA HHOTO IIISIXOM

BUKJIIMKY MeTOoly currentThread (). Moro omuc mae BUTJIA
static Thread currentThread ()

[eit MmeTo MOBEPTAE MOCUIIAHHSA HA MOTIK, 13 IKOTO BiH OYB BUKJIMKAHUH.

Po3riistHeMO HaCTYITHUM TIPUKIIA:

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

System.out.println (i) ;
Thread.sleep (1000);
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}
} catch (InterruptedException e) {

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

[TocuanHsa Ha MOTOYHUM (Y JAHOMY BUIIQJIKy TOJIOBHHM) MOTIK 30€piraeThcs y 3MiHHIN t. 3aTpumka
peami3yeTbCsl IIIAXOM BHUKIHUKY METOAy sSleep (), apryMEHTOM SKOIO € TPUBAIICTh 3aTPUMKH Y
MUTICEKYHAaX. Bukopucranus O0noky try/catch € o0OB’SI3KOBUM, OCKUIBKM METOJ sSleep () MOXe
3reHepyBatd InterruptedException. Ile Moxe BiAOyTHCS y BUIMAAKY, KOJM JESIKUM IMOTIK 3aX04e

nepepBaTy BUKOHAHHS MMOTOYHOTO NOTOKY. Onuc Metony sleep () :
static voild sleep (long MumicexkyHom) throws InterruptedException

ITpu BuBOI 1HGOPMAIIiT PO MOTIK HA KOHCOJIb BIJIOOPAXKa€ThCs 1M’ S1 TOTOKY, MOT0 MPIOPUTET Ta 1M S
Ipynu MOTOKY J0 SIKOi BITHOCUTBCA JaHWHM MOTIK. ['pymna MOoTOKy — CTPYKTypa JIaHUX, sIKa Kepye HaOOpoM

MOTOKIB y LIJIOMY.
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4.1.4. Peanizanis inTepdeiicy Runnable

[aTepdeiic Runnable alcTparye OJMHUIO BUKOHYBaHOIro Koay. Jlis peanizaliii 1iporo intepdeicy y

KJ1aci Ma€e OyTH peari3oBaHUM METOJ run ()
public void run ()

Bcepeaunni 11boro MeToay MoTpiOHO pO3TallyBaTH KOJI, IKUW BU3HAYA€E [iii, sIKI MalOTh BUKOHYBATUCS Y
HOBOMY IMOTOIIl. Y METOAl run () MOXXHa BHUKJIHUKATH 1HIII METOJM, BHUKOPHCTOBYBATH 1HIII KJIACH,
OMHUCYBAaTH 3MIHHI — TaK caMO SIK II¢ pOOWTH TOJIOBHUM MOTIK. €aMHA BIAMIHHICTD — METOJ run ()
BU3HAYA€E TOUKY BXOJly 1HIIOTO, MAPAICILHOTO NOTOKY BCepearHl mporpamu. el moTik 3aBepIury€eThcs TOI1,
KOJIX METOZ run () MOBEPTAE KEPYBaHHS.

[Ipu peanizamii Kjacy KOpUCTyBada BUKOPHUCTOBYIOTHCSI 00’e€kTH Kiacy Thread. Y kiaci Thread

BU3HAYCHO K1JIbKa KOHCTPYKTOPIB. M0OXHA BUKOPHUCTOBYBATH, HAIPUKJIAJl, HACTYITHUN KOHCTPYKTOP:

Thread (Runnable 06’exkT noroky, String iMm’sa NOTOKY)

VY 1bOMy KOHCTPYKTOP1 00’ €KT IIOTOKY — L€ eK3eMIUIAP KIIacy, IKUi peansye iHTepdelic Runnable.
[Ticist TOro s’k HOBUM MOTIK OyJie CTBOPEHUH, BIH HE 3aIyCTUTHCS JI0 TUX P, MOKU HE OyJ1€ BUKIMKAHO

MeToa start () kiacy Thread.
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Po3ristHeMo HaCTYNHUM NPUKIAL:

class MyThread implements Runnable{

Thread t;
public MyThread () {

t = new Thread(this, "My thread demo");

System.out.println ("My thread " + t + " 1s created");

t.start () ;

public void run() {
try {

for (int 1i

System.

Thread.

= 5;, 1 > 0; 1i--) |
out.println ("My thread " + 1);
sleep (1000) ;
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catch (InterruptedException e) {
System.out.println ("My thread is 1nterrupted");

}

System.out.println ("My thread 1s terminated")

}
public class MyClass {

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

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



Ycepenauni koHCTpyKkTOpa MyThread () MICTUTbCS HACTYIHUN PAIOK KOy

t = new Thread(this, "My thread demo");

Ilepenaua 006’ekTa this mepHIMM apryMEHTOM CBIIYMTH IIPO Te, 10 HOBMI MOTIK OyJ¢ BUKIUKATH METO/I
run () o0’ekra this.
HactynHuii BUKJIMK METOMy start () 3allyckae IMOTIK Ha BHUKOHAHHS, Y PE3YJbTaTl YOr0 MOYMHAE

BUKOHYBATHUCS UK for, SKMIA MICTUTBCS y TUII METOY run () .
4.1.5. CTBopeHHs1 HAMAAKIB Kiaacy Thread

Knac Hamanok mae 0606 ’°53k060 MEPEBU3ZHAYUTH METOJ run (), SKUM € TOYKOI BXOAY JJISI HOBOTO
NOTOKY. JJ1s1 3alyCKy MOTOKY Ha BUKOHAHHS TaK caMo MOTPiOHO BUKIMKATH METOJ start ().

Y ce BulllecKa3zaHe MpoJAeMOHCTPOBAHO HA HACTYITHOMY MPHKJIIAII:

class NewThread extends Thread{

NewThread (String name) {
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super (name) ;

System.out.println(this+ " 1s started");

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

Thread.sleep (500);

} catch (InterruptedException e) {

e.printStackTrace () ;

}

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 thread2 = new NewThread ("thread 2");
thread2.setPriority (Thread.MAX PRIORITY) ;
threadl.start ()
thread2.start () ;
try {
for (int 1 = 0; 1 <= 5; i++) {
System.out.println ("main " + 1);
Thread.sleep (1000);
}
} catch (InterruptedException e) {

System.out.println ("Main thread interrupted");;
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Y koHCTpyKTOpi Ki1acy NewThread crodyaTKy TpaauiiiiHO BUKIMKAETHCS KOHCTPYKTOP CyTepKiacy.

Coig 3a3HaUMTH, 10 Y JIiTepaTypi 1o Java [8] pekomMeHay€eThcss BAKOPHCTOBYBATH JUISl TIOTOKIB TAXIT 3
BUKOPHUCTAHHSAM HaCIIiAyBaHHS TOJl, KOJIM BUHHUKAE MOTpeOda MoaudiKyBaTh MeTo M kiaacy Thread. Tomy
y OunbmiocTi "craHgapTHUX' BUIQJKIB BUKOPUCTAHHS TOTOKIB peanizaiis iHTepdeiicy Runnable €
JTOCTaTHBHOIO.

[IpiopUTeT MOTOKY 3aJa€THCS 3a JOMOMOTOK0 METOAA

final void setPriority(int pliBeHb)

3Ha4YeHHs PIBHA MPIOPUTETY Ma€ JEKATH y Mexax Bl MIN PRIORITY po MAX PRIORITY. Ha manwmii
MOMEHT 111 3Hau€HHs piBHI BiAnmoBiAHO 1 Ta 10. 3HaueHHs NPIOPUTETY MO 3aMOBUYBAHHIO PIBHE KOHCTAHTI
NORM PRIORITY (Ha gaHW 4ac ii 3HAYEHHS p1BHE D).

OTpuMaTH NpIOPUTET MOTOKY MOKHA 3 BUKOPUCTAHHAM METOAy getPriority () :

final 1nt getPriority()
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4.1.6. Bukopucranusa meroais iSAlive() Ta join()

IcHye nBa cmocoOu TMEpeBipKM 3aBepIICHHS BHKOHAHHSA IOTOKY. HalmpocTiiie 1me 3pooutu 3
BUKOPUCTAHHAM METOAY 1sAlive () knacy Thread, IKA ONMMCAHUN HACTYITHUM YUHOM:

final Boolean isAlive ()

Mero isAlive () mnoBeprae 3HA4YEHHs true, fAKIIO IIOTIK, JJIS SIKOrO BIH OyB BUKJIMKaHWH, III€
BUKOHYETHCH.

KpiMm Toro, icHye METO/l, IKU BUKOPUCTOBYETHCS JJIsI OUIKYBAHHS 3aBEPIICHHS BUKOHAHHS MOTOKY —

METOJI Join ().
final void join() throws InetrruptedException

[leit MeTom OYIKy€ 3aBEpIICHHsS IOTOKY, JJIs SKOro BiH OyB BUKIMKaHuUW. Moro Ha3Ba BijgoOpaxkae
KOHIIETI[I}0, 3T1JIHO A0 AKOI BUKJIMKAIOYMN MOTIK OYIKY€, MOKH 3aJaHUM IOTIK NMPUEIHAETHCS O HBOTO.
Takox MOkHa BKa3yBaTH MaKCUMaJIbHUM Yac OYIKyBaHHS (Y MUTICEKYHAAX ).

k1110, HanpUKIaa, 10JaTH 10 TONEPEAHBOI MPOTPAMU MICIS PAJIKA KOy
thread2.start ()
HACTYITHUM (hparMeHT
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try {
threadl.join (2000);
} catch (InterruptedException e) {

e.printStackTrace () ;

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

TO y METOAl MainN BHHUKHE JIBOX CEKYHIHE OYIKyBaHHS 3aBEpIICHHS IMOTOKY threadl, i TUIBKH MOTIM

MOYHETHCS] BUKOHAHHS BIJMOBIIHOTO IUKITY for,
4.1.7. CunxpoHi3amist

Kirouem 10 cUHXpOHI3alli € KOHLENIIsI MOHITOpAa. MOHITOp — 1€ 00’ €KT, SIKMil 3aCTOCOBYETHCS SK
B3a€MHO BUKIIouaroue OiokyBanus (mutually exclusive lock — mutex), abo mbroTexc. Komm moTik poOuTh
3anuT Ha OJIOKYBaHHSI, TO KaXyTh, 1110 BIH BXOJAUTh Y MOHITOP. YCi 1HII TOTOKH, SIKI HAMararoThbCsl yBIUTH Y

3a0JIOKOBAaHU MOHITOP, OY1yTh NPU3YNUHEH] A0 TUX Mip, TOKU NEPIINIA HE BUIE 13 MOHITOPA.

95



CunxpoHizallisi y Java 3acHOBaHa Ha TOMY, [0 00’€KTH MarOTh BJIACHI, acOI[IMOBaHI1 13 HUMU HESABHI
MOHITOpH. J[J1s1 ITOr0 MOTPIOHO MPOCTO BKA3ATH KIOYOBE CIIOBO synchronized npu onuci meroay. {06
BUMTH 13 MOHITOpa 1 NepeJaTh KepyBaHHA 00 €KTOM IHIIOMY OYIKYHOYOMY IOTOKY, BJIACHUK MOHITOpa
IPOCTO Tepelae KEPyBaHHSA 13 CHHXPOHI30BaHOT'O METO/Ia.

Po3risiHeMo puKIIaa, y SKOMYy MPOJAEMOHCTPOBAHO MPOOJIEMH, K1 MOKYTh BUHUKATU MPU BIJICYTHOCTI
cuHXpoH13amii. Y kiaci Callme onucaHul €IUHUN METOJ, IKUM BUBOJAUTH MapaMeTpP PSAOK Y KBaJIPaTHUX
Iy>KKaxX, PUYOMY 3aKpUBaroya Jy>KKa BUBOJIUTHCSA 13 CEKYHIHOIO 3aTPUMKOIO.

KoncTpykrop kiacy Caller mpuiiMae MocCWIaHHS Ha 00’€KTH KiaciB String ta Callme, IKUMH
THII1ATI3YIOThCA TOJIST 00’ €KTa, Ta CTBOPIOE 1 3ayCKA€E HOBHUH IMOTIK Ta BUKIMKAE METOJ run () IbOro
NOTOKY . Y IIbOMY METOJi BUKIMKAEThCS MeToa call () BiamoBigHOro od0’ekta Callme. Hapemri y
METO/1 main () CTBOPHOETHCS OAUH 00 €KT Callme, SIKMU NMEPEAAETHCS Y IKOCTI MapaMeTpy KOHCTPYKTOpA
TpHOX PI3HUX 00’ €KTIB Caller pa3oMm i3 BIAMOBIIHUM MOBIJOMIICHHSIM.
class Callme({

voilid call (String message) {

System.out.print (" [" + message) ;

try {
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Thread.sleep (1000);
}

catch (InterruptedException e) {

System.out.println ("Interrupted");

}
finally {
System.out.println("1");

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

Caller (String message, Callme target) {
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this.message

this.target

message;

target;

t = new Thread(this);

t.start () ;

public void run ()

{

target.call (message) ;

}

public class Sample {

public static void main(String/[]

Callme
Caller
Caller
Caller

try {

target
objl =
obj2 =
obj3 =

= new Callme () ;

args) {

new Caller ("Welcome", target);

new Caller("to synchronized",

new Caller ("world",

target) ;

target);
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objl.t.join ()
obj2.t.join();
obj3.t.join ()

}

catch (InterruptedException e) {

System.out.println ("Interrupted");

}
BuBig nporpamMu Ma€e BUTJIS

[Welcome[to synchronized[world]

]
]

VY nonepenHbOMy MPUKIAAl TPU MOTOKH 3MAralOThCd MK COOOIO0 3a 3aBEpIICHHS BUKOHAHHS METO/Aa

call () omHoro i Toro camoro o6’ekty Callme. Taka cuTyallisi Ha3MBa€Tbcs ''cTaHOM ToHKHU'" (race

condition).
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[Ipobiiema moB’si3aHa 13 TUM, IO KUIbKa O0’€KTIB OJIHOYACHO BUKOPHUCTOBYIOTh TOW CaMHIl METO]
call () OAHOrO 1 TOr0 CaMOro 00’ €KTa.
JIs BUNpaBJIEHHST TOMEPEAHBOI MPOrpamMy 3BUYAMHO MOXKHA OYJIO 3aIycKaTH IMOTOKH HACTYIHUM

YUHOM.

Callme target = new Callme();

Ery{
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) {

}
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Ane y Takuil cnocid MM MPOCTO OUIKYEMO 3aBEPIICHHSI KOXKHOTO IMOTOKY 1 CyMICHE BUKOPHUCTAHHS
pecypciB BIJICYTHE.
Buxia 13 cutyauii — cunxporizayia MeTtony call () NIUIIXOM ONHCY HOTO 3 BUKOPHUCTAHHSIM

KJIFOUOBOI'O CJIoBa synchronized.

class Callme({

synchronized void call (String message) {

[le 103BOJMUTH YHUKHYTH JOCTYITY 1HIIUX MOTOKIB JIO IbOIO METOY. Y 1IbOMY BUMNAJKY BHBIJ IPOTpaMU Ma€e

BUTJISAT:

[Welcome ]
[to synchronized]

[world]

K TUIBKM nOMIK 6X00Umv y CUHXPOHI308AHUL MemoO €K3eMIUIApa, KOJHUM 1HIIUN TIOTIK He Moxice

BUKJIMKATH 1€l METO (Jy1s1 TOTO camMoro ek3emiuisipa). Ile 1o3Bosie yHMKaTH TOHKHA MOTOKIB.
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4.1.8. Onepatop synchronized

CunxpoHi3allisi METOJIIB y KJacax He MOXXe OyTH 3acTOCOBaHa, SKIIO KiIac He Inepeadayae
0araTomoTOKOBOTO AOCTyIy abo OyB HamMCaHMX CTOPOHHIM PO3POOHHUKOM, AOCTYI JO BHXiAHOTO KOIY
SKOTO BIJICYyTHINA. B Takux BUNaJKax JJii CUHXPOHI3allil MOTPIOHO MOMICTUTH BUKJIMK METO/IIB KJlacy y OJ0K
synchronized.

Onepatop synchronized mae HacTynHy GhopMmy:

synchronized (o6’ exT) {

// omepatropu, 4Ki OimjagrarnTb CUHXPOHI=zamiil

}

[leil omepaTop rapaHtye Te, 0 BUKJIMK METOAY 00’€KTa BiAOYJEThCA TOJl, KOJU MOTIK YyBIMAE Y
MOHITOp 00’ €KTa.

PosrisiHeMO albTepHATUBHY BEpCil0 TOMEpeAHBOro Tmpukiamy. s CHUHXpOHi3alii J10CTaTHBO

Moau(pikyBaTh METO run () Kiacy Caller.
public void run() {

synchronized (target) {

target.call (message) ;
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4.1.9. KomyHikanisi Mizk IOTOKaM#

Y Oaratbox 3ajadyax OJIOKYBaHHS pecypciB € HeaocTaTHIM. YacTo BHMaraerbcsi 3a0e3NeyeHHs
MOXJIMBOCTI KOMYHIKaIll1 MK TOTOKaMH.

BukopucTaHHS TOTOKIB Ja€ 3MOTY YHHKHYTH ONMUTYBAaHHSA, SK€ paHIIIe BUKOPHUCTOBYBAJIOCS IS
NEepPEeBIPKY BUKOHAHHS YMOB 1 OPTaHI30BYyBAJIOCS y BUTJISAII ITUKITY.

MexaHi13M MIKIIOTOKOBUX KOMYHIKAIIA Java peani3oBaHUl 3 BHUKOPUCTAHHSM (PIHAIBHUX METOMIIB
wait( ), notify () Tta notifyAll ( ) knacy Object. LIl MeToau € HOCSKHHUMHU B YCIX KJacax,
MOXYTb BUKJIMKATHUCS JIMIIIE Y CHHXPOHI30BAHOMY KOHTEKCTI 1 MalOTh HACTYIIHI BIIACTUBOCTI:

e MeTtoa wait () 3Mylly€ BUKJIMKAIOUMM MOTIK BIJJIATH MOHITOP 1 MPU3YNUHUTA BUKOHAHHS JIO TUX IIIp,
MOKH SAKU-HEOY1b 1HIIMHI MOTIK HE YBI1HJI€ Y TOM CaMUii MOHITOP Ta HE BUKJIWYE MeTo 1 notify ().

e Metoa notify () BIIHOBIIOE pOOOTY MOTOKY, SKUM BUKIMKAB METOJ wait () Toro camoro o0’€exTy.

e Metoag notifyAll () BIIHOBIIOE POOOTY YyCIX MOTOKIB, sIKI BUKJIMKAJIM METOJI wait () TOro camoro
00’exTy. OHOMY 3 MMOTOKIB HAAAETHCS JIOCTYII JI0 00’ €KTA.

JlonaTkoBi popmu MeToay wait () JI03BOJISIOTH BKa3yBaTH Yac OY1KyBaHHS.
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Po3ristHemMo TIpuKiIa] BUKOPUCTAHHS METOMIB wait () Ta notify (). PosrmahHemo 3amauy

"mocravanbHUK/cioxkuBau". Hexalt B mporpami BUKOPHUCTOBYIOTHCS KJIach Q — 4epra, Producer —
00’€KT-MOTIK, SKUHU JI0JIa€ €IEMEHTH JI0 Yepru, Consumer — 00’€KT MOTIK, KU BHOUpAE €IEMEHTH 3
YEepru.

Posrnsaemo CIIOYATKY IIPHUKJIIAL IIPpOIrpaMu oe3 BUKOPUCTAHHA MK IIOTOKOBHX KOMYHiKaHiﬁ.

class Of
int n;
synchronized int get () {
System.out.println(n + " 1s received");

4

return n;

}

synchronized void put (int n) {
this.n = n;

System.out.println(n + " is put");

’
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class Producer implements Runnable{
Q gs
public Producer (Q q) {
this.g = g;
new Thread(this, "Producer") .start():;
}
public void run() {
int 1 = 0;
while (true)

g.put (1++);

}

class Consumer implements Runnable {
Q g;
Consumer (Q g) {

this.g = g;
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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");

106



He nuBisunch He Te, MO METOAM put () Ta get () CHHXPOHI30BaHi, HaBEeJACHA IMporpaMa Mpaloe
HEBIPHO, OCKUIBKHM CIIO)KMBA4 MOKE€ OTpUMATH TOM caMuil eleMeHT (y JaHOMY BHIIAAKYy — IIiJI€ YHCIIO)
KUIbKa pa3iB, a IOIEpPEIHl eJIeMEHTH — KOJAHOTO pa3zy. MOXJIMBUM pe3yJbTaT BHUKOHAHHS IIPOrpaMu
HABEJCHUM HUXKYE:

1s put
1s put

1is received

1s put

1

2

2

2 1s received
3

4 i1s put

4 1s received

[IpaBunbHUI CIIOCIO HANMCAHHA MPOrPaMH MOJISITAE Y TOMY, OO BUKOPUCTATH METOAU wait () Ta

notify () amg nepenadi moBigoOMICHb B 000X HaMpsIMKaXx.

class Qf

int n;
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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 {
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wait () ;

}

catch (InterruptedException e) {

System.out.println ("Interrupted");

}
this.n = n;
valueSet = true;
System.out.println(n + " 1s put");

notify();

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

new Thread(this, "Producer") .start();
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}

public void run () {
int 1 = 0;
while (true)

g.put (1++) ;

}

class Consumer implements Runnable {

Q g

Consumer (Q g) {

this.g = g;

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

while (true)

g.get();
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}
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");

Bcepenuni Mmetony get () BUKIMKAETbCS MeTod wait (). Ile mpusymnuHse poOOTy MOTOKA 10 MOKH

00’€eKT Ki1acy Producer noBIIOMUTH MPO T€, 110 JaH1 TPOYHUTAHI.

Cxoxe (QyHKIIOHYBaHHSI MPOrpaMyd MOXHa 3a0e3Me4yuTd Oe3 BUKOPHMCTAaHHS METOMIB wait () Ta

notify ().
synchronized int get () {

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

}

valueSet = true;

is received");

is put");
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4.2. Tloroxosa moaean .NET Framework

ITorokoBa Moxens .NET Framework mae Oarato chmiapHOro i3 IMOTOKOBOIO cucTeMoro Java. Jlis
MIJKIIOUeHHS 3aco0iB  0OpOOKHM IOTOKIB IOTPIOHO BHUKOPUCTOBYBATH 3acoOM TMPOCTOpPY I1MEH
System.Threading. 3aTpuMKa BUKOHaHHS IMOTOYHOI'O MOTOKY Ha 3ajJaHy TPUBAIICTh peali3oBaHa y

BUTJISI1 BUKJIMKY CTATUYHOTO METOTY
Thread.Sleep(millisecondsTimeout)

PosriisitHemMo mpukiIag OporpamMu, y sKid y (OHOBOMY pEXHMI 3aIllyCKa€ThCs IOTIK, Y SKOMY
BUKJIMKA€ThCSI MeTOJ ThreadProc (), y Tull SKOTO y "BIYHOMY'" LMKJII 3HAYEHHSA 3MIHHOI S TMOCTIMHO

30UIBIITy€eThCS HA 1. PoOoTa nporpaMu 3akiHUY€ThCS MIC/Is HATUCHEeHHs kiasimi "y abo "Y".

class Program
{
static double s = 0O;
static void Main(string[] args)
{
Thread t = new Thread (ThreadProc) ;

t.IsBackground = true;
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t.Start();
char c;
do
{
Console.WritelLine ("Input any key to suspend calculation");
Console.ReadKey () ;
t.Suspend() ;
Console.WriteLine ("Current value of s is {0}", s);
Console.WriteLine ("Exit? (Y/N)");
c = Convert.ToChar (Console.Read()) ;
t.Resume () ;
} while (c !'= 'Y' && c !'= 'y');
}
public static void ThreadProc ()
{
for (; 7 )
S++;

114



}

VY HacTynmHOMYy NIpPUKJIAJll MPOJAEMOHCTPOBAHO TapajeiibHEe BUKOHAHHS (POHOBHUX MOTOKIB Ta Iepeaaya

HapaMeTpiB IIpH 3aI1yCKY IIOTOKIB Ha BUKOHAHHS.

class Program
{
static void Main(string[] args)
{
Thread tl = new Thread (ThreadProcl);
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");
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Console.ReadKey () ;

public static void ThreadProcl (Object param)
{

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

{

Console.WritelLine ("Output from ThreadProcl");

Thread.Sleep (3000) ;

}
public static void ThreadProcZ2 (Object param)

{

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

{

Console.WritelLine ("Output from ThreadProc2");

Thread.Sleep(1000) ;
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4.2.1. KoHKYpeHTHHIi 10CTYyll Ta 0JIOKYBaHHSA pecypciB

JIist 6JI0KyBaHHS peCcypCiB BUKOPHUCTOBYIOTHCS OJIOKM KOOy lock, BCEpeauHl SIKMX PO3TAIIOBYIOTh TOM

(dbparMeHT Koay, KU Ma€ BUKOHYBATHUCS JJI1 KOXKHOT'O MOTOKY OKPEeMO. Y HAaCTYHMHOMY IPHUKIAl MOTOKU

CIIUIbHO BUKOPUCTOBYIOTH MacHUB a.
static int[] a = {1,2,3,4,5};
static void Main(string[] args)
{
for (int 1 = 0, 1 < 5; 1i++4)
{
Thread t = new Thread(new ThreadStart (ThreadProc)) ;
t.Name = "Thread " + 1i;

t.Start();
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Console.WritelLine ("Main proc");

}

public static void ThreadProc ()

{
lock (a)

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

Console.WritelLine ("{0};a[{1l}]={2}", Thread.CurrentThread.Name, i, al[i]);

Thread.Sleep (1000) ;

4.2.2.110TOKM 3 BUKOPHCTAHHSIM JiejieraTiB

Jleneratu MOXKyTh MPAIIOBATH Y aCUHXPOHHOMY PEXHMi, TOOTO BUKOHYBATHUCS Y OKPEMOMY IOTOIIL.

Posristnemo npukiiaa o0urcieHHs QyHKIi gpakTopiana y OKpeMOMY MOTOIII:
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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)

{
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int fact = 1;
for (int 1 = 2; 1 < number; 1i++)
{
fact *= 1i;
Thread.Sleep (500) ;
}

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