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Symmetric Multi-Processor System

2.1 Shared Memory Model

2.1.1 UMA

000000000000 0000oDooO00O0o0000o000o0000000 UMA(Uni-
form Memory Access Model : 00 00 00000000)00000 210000000
0O PE(Processing Element) '000000000000000000 DO0O0OODOOO
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2.1.2 NUMA
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2.2 Architechtuer

2.2.1 RISC based SMP
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2.2.2 Interconnect
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2.2.3 PVP
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O 0000
MO M1 Mn
| | |
MO M1 [------ Mn Do0Do0ooD
O 2.1: UMA 0 2.2: NUMA
Switch
: Memory
Memory MO M1 M2

O 2.3: Bus Interconnect O 2.4: Switch Interconnect



2.3 Starfire

0000 0000 S-7/7000U model 500 (O O Starfire 0 0 0 ) (SUN Microsystems [
SUN Ultra Enterprise 10000 OEM O O0)0 0000000000000 O000O0OOO0O
00000 UNIX(Solaris) DO OO SMPO OO OOOOOStarfire 000000000
goo
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0016000000000 (D000 O00O0O0oooon)

- 00400 UltraSPARCOOOOO
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- 10000000000 (00 4GBOOODO)
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100000 (00 320000 SBus)
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0 2.1: Machine Specification

CPU UltraSPARC-11(250MHz)
available PE 32

Second Cache 1MB

Main Memory 4GB

Peak Flops 16GFlops

Peak Bandwidth 6.4GB/s




2.4 Cray-J90

0000000 Starfire 00000000000 OOSGIOO CRAY-J916se/8-4096 O
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e U0 32GFlopsD OO ODOODODO

gboogbggbooboobooob 22000040400

[0 2.2: Machine Specification

CPU ogooo
available PE 8
Scalar Cache 128 words
Main Memory 4GB
Peak Flops 1.6GFlops

Peak Memory Bandwidth  12.8GB/s




1. Board-level interconnect
Local Local
< »| Data Address
Arbitra | Arbiter l Arbiter Arbitration
tion — — < >
. m Ultra- Coherency
L S ¢ sparc ¢ Interface |¢ >
<5 2 — Port Controller Address 0
« ] Controller 41 MSnoops
= g Ultra- y /sec
o =) — SPARC [ DTAGS
~ D lep| Mltra- . | Coherenc
% S SPARC - Interfacey < rer 1:
_ Controller ress
_>< m —
E’ 9 . e Controller 11 I\/ISnOOpS
3 a S [** spaRrc (¢ Isec
& 2 DTAGS
<& > © — -
Data 8 ] u u
port E ] UPA to SBUS |« Clo?erfency
1.3 s} £ nterface |¢ .
a 5 2 SBus cards Port © ller | | Add 2
GBps = o ontroller ress
p % Controller 41 MSnoops
UPA to SBus |« — /sec
[a) DTAGS
L 2 SBus cards ¢ ¢ _
T Pack/ Mem- [€ Coherency
£ Unpack ory le—p| Interface |« »
pses @ Euelgy Controller Address 3
Controller
< 41 MSnoops
© Pack/ Mem- [€ /sec
= Unpack ory le—p| DTAGS
System System System System System System System System
board board board board board board board board
] | | | | | | 11
| ! ! ! | ! | |
| Four address buses provide 167 Msnoops/s = 10,667 MBps |
I I I I I I
[ ]
16 x 16 data crossbar
System System System System System System System System
board board board board board board board board

2. Centerplane interconnect

O 2.5: Starfire Interconnect[4]
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Shared Memory Programming

3.1 Automatic Parallel Programing
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googd
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e Example N

for(i=0 ; i<1000 ; i++)
alil = bl[i] * c[il;

for(i=2 ; i<100 ; i++)
alil al[i-2] + bl[il;

N J

gogbooboboobogoooogobbgooobooboboobbooboooboad
gboboogooliogoibbiggbbobgbboboobboboooooobn
000000000000 200000000 &i-2]0000000000000 afijO
gobbubobbooboobuobbbo
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O 3.1: Process
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O 3.2: Multi Process
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O 3.3: Thread Process
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Benchmark

0000000 SMPOOODO (Starfire) 0000000000 ODOOODOOOOOOO
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Communication Time(ms)

Communication Time(ms)

1.5

=

o
o

2000 4000 6000 8000 10000
Message Length (N)
0 4.1: Pingpong Benchmark
/
—— 2 PE Broadcast e

— 4 PE Broadcast

- - 8 PE Broadcast ,/

- — 16 PE Broadcast -

2000 4000 6000
Message Length (N)

O 4.2: Broadcast Benchmark
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4.2 0O0O0OO

gbuogooodbooooobboobobboooobboooobooboobon
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oboooobbooooooooboboboooboboboo MPIDDODOODDODOO
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4.2.1 0000
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gbooooobooobboboougg4300440000

~ikj O

for(i=0 ; i<N ; ++i){
for(j=0 ; <N ; ++j)
al[il [j1=0.0;
for(k=0 ; k<N ; ++k){
for(j=0 ; j<N ; ++j)
alil [j]1 =

N

ali]l [j1+b[i] [k]*c k] [j];

J

godd god MPIOOoOobDOOoOoDODODODODD

1goooo

pEODODOOO

gboobbbobbobbbbbooboobbooboooouooooobabobobon
ooobooooboboboooooobuoooobooboboobbbd4s50 J900d

0000000000000 (0460000000000

4.2.2 0000

gboboooobbod20bobuagaan

e 0000 (Computation Time)
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e Flops(Floating Operation per Second)
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ggbobogoobobabbbbbobibooobboobdoooouooobooboobo
Ood MPlOOODOOOOOLOOOOODOOODOOODOOLOODDbDOOOOOobbOoobD
oobOoooobooooooobbooMPIDD s2PEOO0ODODOOODOOODOOO
OoooboboooobooooSsMpOOOOOOoODOOO0OoOOoOOOoOoOoOoOoOn
pEOODUOOOOOOOOOOOO0ODODOOOOOOOOLOOODOOOODLOODbODO
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O 4.6: Thread(Process) Create & Destory Time
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4.3 0OO0OO0O0O

4.3.1 0000

gbudbbobdogbuubbdobooubobuoobbooboogboobbon
D0ooobobobonD FortranOD OO OO0 OOOOOOOO MPIODODOODOOO

OO000bOo0obOobO0oobooooboobobooobboboobbobobDbDOoDOgQ
goboogoboobobog Ipy=0000000000000000O00OODOOOO
googoo

2 2
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T :AyQ(Te—i-Tw)—i-AxQ(Tn—i-Ts)+A:U2Ay2Q
b 2(Ax? 4+ Ay?)
oodgooooooooooooooooon
dodoooo47o0o0ooooooooooooooboooooooooooood
O7o00ooo
goooooooooooodddooooooondbooonoonooooogod

000000000000 (0O 4.8)0

4.3.2 0000

gboboooobbodsgbobuagaan

e 0000 (computation time/1000step) O 4.9

computation time
1000step

Time =

e 00 0IDODO (speedup ratio) O 4.10

calculation time for 1PE

speedup ratio = , ,
calculation time

e 00 (efficiency) O 4.11

speedup ratio

¢f ficiency = number of PE
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Ooooooobooboono 129, 257,513,102 00 0000000000000
0000000000 00000000000000000000 (1) 130 x 130 (2) 258
x 258 (3) 514 x 514 (4) 1026 x 1026 0 000000 O0O0O0OOODOOOOOOODOOO
Toobooooooboboo

4.3.3 0OO0OO0OO
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0 4.1: Memory size

0000 (KB)
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0 4.2: Memory size per 1PE

PE DO 2 4 8 | 16
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000000000000000(1) (2)000000000000000oooood
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00 400000000000 42000016 PEOD0O0ODOOOOODOOOOOOO
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0000000000000 000000000001PEODOOOOO (3) 00000
0000000000000 0000 3)Uboo0o0o0oooooooooooooood
ooooooboboboooobooobboboobo0 pEOODODOODDOOODO
gobobobgbboogoouboboboob bbb ooooobooobooobon

gobo3a2pEd00DODODOOODDOOObOODOODODOOOODOOOODOOnDD
gotbobbdooboobobbbouoboobooobbooobooooobobobob
O032PE00O0O SMPOOOOODOOOO32PE0ODOODOOOODOODOO 1PEOO
OO00O000o0O00 oSUbuooooo11pEODO0ODODOODODOOOODOO32PED
O1pPEODOO0OOODOODOODOOOO0ODLODOODODOOODODObDDOODOObLbODbDOOO
gbbdgbooduoodouubbouobboboboobobooooboobobboaan
guobgooubobgobobbbobuoobbooboooboodobuobbbobbbob
goooobooobood
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4.4 Nas Parallel Benchmark

Nas Parallel Benchmark(NPB) O O NASA Ames Research Center 0 00000000
J000000ooboooboboobbobbooooon 0 Fortran77 O MPIOO OO
J00000000 Fortran770 000000 00O00OOO0OOOOOOOO0OODODOOO
0000000000 000000000000 000o00o00ooooooooon
0000000000000 (CRAY-JOODOUOOOOODOO)NPBO 50000000
00000300 CPDODDOODDDOOODODODOOODDDODOOOODOOD

0000000000 CPDOODDOODODODDODOODOODDOODOOOODOODO
goobobboimooobbooboboobuoobobooobbooguobooon

LU: 000000 Navier-Stokes 0000 5 x 500000000000 DOOOOOO
OSSOROUO0O0O0O000000o0oobooobooogoooooooMPIDDO
O0000000000 PEODO 2000000000000

e gridsize = 102 x 102 x 102
e itreration = 250
e Floating point operation = 4988275 x 10°

SP: 0O00OO0DOO Navier-Stokes 0000000 O00O0ODOOODODOOOOOOODODO
O00do0o0oO0ooD00ooDdDO0oooooooooooooooMPIOOOnO
OO00OPEOOOOOOOOODODODODOO

e gridsize = 102 x 102 x 102
e itreration = 400
e Floating point operation = 7021896 x 10°

BT: SPO 0000000 DOOO0O0OOSGxS00000000DOO0DO0OO0OOODOO0O

O0doDOoopoospO0000OOOOPEOODOODOODOOO
e gridsize = 102 x 102 x 102
e itreration = 200

e Floating point operation = 3550125 x 10°

Thttp://science.nas.nasa.gov/Software/ NPB
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4.4.1 0O0O0O0O
0000dooooooNPBOODO 20000000000O000O000O0
e 0000 (calculation time)
e Mop/s(Million operation per second) 00 0000000000000 O0O0OOO

e DO UOOODODDOODLDD 4120000000 4130000

4.4.2 00000

gbgogbbboobobooouboogoobouoooooboobbbobobb
Doobobooooooobooobuooob24apEdO0OOoDOoooooOOonOOg
goboooooobobd Lub 2pE00000O00O0OOOODOOLODO
gbbgbdogoobobouodgboboouooooboboobboobonoboan
gbogobbuoboboubobobuogougoobbuouguboobogoobboobo
oboooboobooooobgobboooooooboooboD sMpOODOOODOODDOO
gogoooobooon
gooogboboobobboobbobboooboo11pPEOOODODDDDOOO
OO0oO000ODOOo0OO0bOOooonD SMPOOOODODO Starfire D001 PEODOODOOOO
ooooobooooobooooo0 pPEOODOOO ODOOOO0OOO0OOODOODOD
NpBOOOODOOOOODOODDODOOOODOOODOOOODOOODOODODOO
gogbbobouodgobobobubbdoboobobooooobobobooboooan
ggoodubobooobboobbobbboboobboboobuoobooobn
gobbbgbodgbbon
goggoobobbobobobobbbobuoogobbouoooooobboboo
guobubbobooooobobbboobooobbobobbbbooboogo
Starfire 0 D0 0000000000000 OOOOOOOODOOODOODODOOOOOO
gooboboobooboo 2pE00DO0OO0OO0DOODDOODODOOODOODODO
godboguobuobobooooooon
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O 4.12: NPB-serial upper:LU, middle:SP, bottom:BT
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O 4.13: NPB-parallel upper:LU, middle:SP, bottom:BT
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U U

gbobogbuodbbobobbooouboobuobboobobobooboboobobn
gboobboogboubbobobooouuobbobboobooboobboobn
gobououbbbobogoouoboobbooobbbooobboboobooaon
OO0D0O00CStarfire 000000160000 0000O0DOOO0O0OJ0O00O 8OODO
gobggooogod

5.1 OOOO

gobobobobbobboobbogobobboogbbobobboboobbbad
Oo0o000b0o0ooooooobobobobobbobbPthreedd DO 0O0O0OOOODOO
oobooooobbooooboobbooobbobooboboooooo MPIOODDODOO
O send,reco 00000 10 1000000000000 DOOOO0ODOODOOOOODO
gbugboobuooouobuooboboobuoobooooboobbbobb oo
goouoboobobdobuoobbodoouuobogbogo

gooobboubbobooguobugbooooooboooboboboboon
gubodbbgbobbbooobgoooobboobbuoobobouuobboooon
ggodgbooobbbbbbbbbobbbobbobobobooobooooon
guobbbbbbbotbobodbooouuubbugooouooboobooboooo
B0O000000000000000D00D0DD000D000OODODoDOoOoOoDoOoOOOOO
gbobouobodobobobuogboobuouogoboobooobbobbooonbobn
gboboggooougougobogbbuogbbouobonboooooboobb
gbobuogbgoouobbobdoooboogbboobobobobboobao
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5.2 DOOOOO

0000000000000 000000000000 0oooooooooooog
OO000000000000ooooooooooooooooooooooooooag
000000000000 0000000DOO00DO 000000000000 EUREKA
OO0O00oooooboboobooogoouooob sl ooooo o
000000000000 0oooDoooooog

OO000000000o000DOO00oo0ooo0opDoooodooooooOooog
0000000000000 000000000 OMellor-CrummeyO [6)000000
00000D0Oo0DoD0000ooooooooooooooooooooooooooog
000b000O0O00000boo0ooObO0o0O0o00ooOD 400000000OD0ODODOOO
0000000000 DODO0O0DO00OD0DO000O000DODODO0ODODODO0O0DDODODOO
0000D00D0OD00000000D0DO0O0 Odissemination 00000000000
O0000000000000000000000000 exclusiveOOOOOODODOO
OOooDOoooogood

000 O OexclusiveOdisseminationOtree O O O O O Starfire 0 O Oexclusiveld dissemi-
nation 0 0000 JOOOD OO0 ODOStarfire 000 000O0OOO0OO0OOOODO 5400
JIOODOO0ODOO0O0O0H5000000000D0000000DOO OStarfiredO O treed
dissemination] exclusive U 00 0 O J90 O O O disseminationd exclusive 0 0 O 0 0O O O

/

Thread O I: I:
Thread 1 | |
Thread 2 | B
Thread 3 ' -
bar:rier bar:rier —_—
Time

[0 5.1: barrier synchronization facility
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5.2.1 Exclusive Access to Shared Variable

gougugubbobboooobuoooooooobobboobbobboon
gobobodgooobuouobobbuobobbobobbobbbbagooooon
gobodubbboogobbuoooouobogboboo obbobuobobboboooon
gbogbboobooboboodgo

e UL ODLOOULUOLUODLOULOLULUOODLLUDLDDLOODLOLDOOLODOOUOn
O0000000doooooooooooombbooOooooooooo

e D UOUODLODLODOUOODODLOODLODLULOUbDOUOOLOUODLOUbOOODLOOn
gbobdoboobboboobuouoboububobouboobobboao
gbooouobbobodgbbbobobobbbobodgoogo

gobdgbbboodgbobs2b0000

Exclusive Write

Thread O E > .
Thread 1 | P | |shered | s

' vaiablg !
Thread 2 | P ]
Thread 3 } P .

barrier facility

O 5.2: exclusive barrier
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5.2.2 Dissemination Barrier

000000000 HanO (100000000 Ologen0 000 0On 00000 OOO
O000b000oo00oo

1000000000 TOOOOOO 2°+t(modn)000000000000OO0OO
00000000 000000b000b0o0D00Do0oobOOoboOoO0e+10000
OO000000000ODODODO0DO00DOO00DO00DOOobODODo0o0oDObO0OoO0O0ooDoO
000000000 logpn 000000000 OO0O000ODOOOODOOOOODODOO

000000000000 00000DOD0O00O0DOODODOO0O0ODDO0OExclusive
Access to Shared Variable 00 00 00000000 00O0OO0ODOOOOOOODODOOO
O00O0(logen) 0000000000 DODOO0O0D0ODOODOOOODOOOOOODODOOODOO
0000000000000 000ooOoODOoO0obO0ObOOoDODOoO0ODODOODO

00ooobooboboobooogs3bogn

Thread O

Shared valiable

Thread 1

Thread 2

Thread 3

barrier facility

O 5.3: dissemination barrier
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5.2.3 Tree Barrier

0000000 Tree Barrier O OYew D [7]0 000 O The Software Combining Tree
Barrier 0 Mellor-Crummey O [6|0 0000000000000 0YewO O OO OOO
0000000000000000000000000000 (Combining Tree) 00 O
bbb uoobobbboooobbobbbboooob oo boooo
gobobbgbuobogooobooobduobobb bbb obooboon

gobbbboodliobdobdooooooooubooonbbbuooobuoobn
gbodbbooguooobbobboooob oo bboon
goodobobobboobobobbobbooobouobb oo oooooao
gobbbbdooooubooooooob bbb b booooo
goodgo

e OUOODLOUDDODLDODLOULOOULODUODOOO
e DD ODLDODLLOUODLDODLOUODLODLOLOOUODLDO

e JUODLODOUOUODLDDOOOLOUODLOLODLDLODLObDOUUOULOOLbLOOn
gobduboboooooboboboooboobobbooobobobooboboon
godn

gbbobogbobbbobobuooobbobbobobobbbbboobbbbo
gbbodgbobodgggboboogboobobbuoboobobbobboobo
guobdboodoouoobuoobobobboobooobooboobooooooon
goboobobbuodbooobbobobobobbogbogbooboboobooooboon
gobogbogbooboobbboobboboboobbobbogbbobobobobb
gogogobuooobbdbbboooubbbooooobbbooboobb

gougubobdboboobooobbboououboooobouoooboonb
gbgogboobbooobbbbbobbbbobobbooobobobboaoobon
gogbuogubooboobuougouoooubboboboobooooobouoanbn
goobooguoboon
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0 5.4: Barrier Delay Time on Starfire
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0 5.5: Barrier Delay Time on J90
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5.3 UOOOO

5.3.1 OO

gbdouooobbugbuoololoboobobbbuobobbogobuoooob
guooogoboobdg1l1uilibgogobbobbobooooobbooboboooon
gboubugobbogboguboobooobboooooboobooboobobann
guobudgobbobooobbodbbobbobobobuoboboboogoba
guobboboobgogbbbooobobbodobbbo

gobbogbudbobobdbboooboooobboooobbobooobn
gobbdgoooooobobooboobobboooboooobobboboobo
goouboogoogobboobbboouoobboobbobbbobbobobon
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O000000000D00D00O0D00000000000D Opresence bit 0 OO0OO
ooooobobooooo btboooobooobbbobbobobobooooboboo
gobo0ObhitO00ooboboboooobboboobooooooonobo bitbog
gobobooboobbooboobooo

5.3.2 00U

0000000000 00000000000/000o00o0oo0ooooooooooo
gbooobogooogbbogbooubuobooboobooobboobboooa
gogbgobubiboobuobbodboogouoboooooboobuooogo
gbooogboboudl spn-wait U OO0 O00D0ODODO0O0O0OO0O0OOO0OOO0OO0OO0OO0
00000000000 0000000000000 (sleeping)0000000OOOOO
gobudgubogobboooooooboobbbbooubuouoobobooa
gbobbuogbogobobbbiboobb b oboobboobuooboboboboboo
OO0 spin blocking 0000 OO0O0OOO0OOODOOOOOOODOOOOOODOOODO
guobubuoogbobubbobobbbbbuobbobbbbobbbooobobn
gboobuogooobolbliobbobobobbbbbbotbddbd Uspin-wait U
gooboogbdd

00000000000000000 rdlock()0rd_unlock()d wr_lock() O wr_unlock()
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gogstubgbouogboboobbbbooooboboooooooboobooan
guodgubooobobobooobobbbobuoooouooboooboooobo
gbobogbgssuogn
gbogbdoogugbuogbbogououoboooooouboouobobao
gouooobgboooboboboobuouogbbbuobooobbuobbbboboon
guoodboobboouoiloboouubooobuooobooobooobbbon
gbdouubbguooboobboboboobbboooboboabbooob b
gbbbdobobodooobboooooobbboooobn
OoobOOoooooobobobobobOonOsedbO0threadlid O DODODOODOOO
00 Owr_lock() O wr_unlock() O MPI_Send() O O O O Ord.lock() O rd_unlock() O
MPI_Recv() O OO O Othread-id = 1 0 Othreadid = 00 wr_unlock() D 0000000
rd lock() 0000000000000 00O0O000O0O00 count00000000O0O0OO
ooobbooooooobooooboooobooooogsrybboooobbo
gboboobobogooobobooobbobboooob oo oooooobuobooboo
boobb count D OOO0OOOO0OOO0OOOOO0OOOODOO0OOOOOODOO
bbb oooooobbobobbbboooboboboboon
guobbogbdobboobuoobuobboobboooobooobouanoobo
gooooon
MPI O Pingpong DO UOUOODOOOO0OOObB60O00000O0O0OOOOOOOO
OO0 5100000000000000000000DODOO0O0ODO0O0O0OSend OO
count++ 0000 000 count 000 MPISend() O Recv 00 OO0 Ocount- 0000
ooobbooogbboobg pEODDDODOOOOODOODOODODDOOODOOOODO
OOobo0o0oDbOo0ooooboboobo0oooooooboboooOogJgoo b Starfire O
LOooODoOoboOobOOStarfire 0000 410000000000 O000O0OO0OOOO
gobgouogoobboogbbbobobobboobbbbboboboooboobn

0 5.1: Performance of Local Synchronization Facility

Time(us)
Starfire 4.86
J90 72.61
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if (thread_id == 0){
wr_lock(local_sync);
count++;
wr_unlock(local_sync);

} else if(thread_id == 1){
rd_lock(local_sync);
count--;

rd_unlock(local_sync);

N J

O 5.6: For example Programming for local synchronization

if (thread_id == 0){
count++;
barrier(bt);

} else if(thread_id == 1){
barrier(bt);

count——;

N J

O 5.7: For example Programming for barrier synchronization
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typedef struct{
mutex_t m;

valatileint p_bit: /*READ_OK, UPDATE, WRITE_OK*/

} st

rd_lock(st)

while(pthread_mutex_trylock(st->m)

!

pthread_mutex_unlock(st->m);

'

wr_unlock(rw_I)

pthread_mutex_lock(st->m);

|||||

D
——CDUST), J

st->p_bit = READ_OK

'

pthread_mutex_unlock(st->m);

I: while(st->p_bit != READ OK);

st->p_bit = UPDATE

wr_lock(st)

while(pthread_mutex_trylock(st->m)

'

pthread_mutex_unlock(st->m);

'

A

rd_unlock(st)

pthreadﬁmutex_lock(st—>m);

|||||

el ]
——LbUoT), ‘

st->p_bit = WRITE_OK

'

pthread_mutex_unlock(st->m);

I: while(st->p_bit = WRITE_OK)

st->p_bit = UPDATE

LY ]

0 5.8: Local synchronization facility
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1 6 0

0o o O

gouogoogbbodgobodboobboobooboboobooooooboobon
Poisson DO O0O0OOOOOODOOO0OOLOODOO0O0OO00O0OOOOOO0DbDOO0bDODOO
0000000 (SOROO CGO)OOOO (LUODOD)OOoOooooooooooooo
gogdgobuobobgoogoobobbbodoobon
ooooosMpOOODOOOO0OOODOODOOODODOOOCOODODODOOODOO
OoobOOoboobooboobocGOoOoobOooboboboobOobooobooUobooo
oooooobooooooopPvPObOODODODDDOOODDOOODOOOODOODO
Oo0DOoOOoOo0oboOO0obOoOoO0obOOoooSsMPOOUOOObOOODOOODODOODODOOO
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for(i=1 ; i<N ; ++i)
for(j=1 ; <N ; ++j)
alil[j] = 0.25 * (ali-1][jl+ali] [j-1]
+ alil [j+1)+ali+1]1[j1);

0 6.1: Computation Model

Thread 0 Thread 1 Thread?2 Thread 3

write lock area

00 | 10 | 20 | 30 | ThreadO
______________________________ 7,

.............................. 0-0 1-0

Thread 1
0-3 1-3 2-3 3-3 read lock area
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0 6.1: Pipeline Processing
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